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Corrosion Inhibitors and Polarographic Maxima’ 


Harry C. Gatos 


Engineering Research Laboratory, Engineering Department, E. I. du Pont de Nemours and Company, Inc., 
Wilmington, Delaware 


ABSTRACT 


Electrical polarization phenomena occurring in corrosion and polarographic processes 
are compared, and certain similarities are pointed out. On this basis, results of polaro- 
graphic studies of a number of corrosion inhibitors are presented, particularly for the 
iron-sulfuric acid system. It is found that these inhibitors considerably suppress one or 
more of the oxygen, lead, or nickel polarographic maxima. The maxima-suppressing 
effectiveness of compounds known to inhibit corrosion by adsorption is a function of 
concentration resembling gas adsorption isotherms. Furthermore, certain inhibitors 
which function by either anodie or cathodic polarization are also effective in suppressing 
either anodic or cathodic maxima. Some general inhibitors are general maxima sup- 


Polarography is suggested as a valuable tool in corrosion inhibitor studies. 


INTRODUCTION 


Chemical and physical changes responsible for 
metallic corrosion in liquid media take place mostly 
on metal surfaces and at metal-liquid interfaces. 
A thorough understanding of the function of metal 
surfaces and metal-liquid interfaces, so critical in 
corrosion, is limited by the facts that (a) metal 
surfaces are very difficult to obtain and maintain 
chemically pure and physically reproducible, and 
(b) metal-liquid interfaces, due to their extreme 
thinness and intricate structure, are beyond the 
sensitivity range of conventional experimental tech- 
niques. 

Among metals, mercury is unique in that it can 
be obtained in highly pure chemical form, and its 
surface-physical characteristics can be easily repro- 
duced, mainly because of its liquid state. These 
outstanding characteristics of mercury have been 
primarily responsible for the development of polar- 
ography, 

Although mercury as a material of construction 
is of no practical significance, it has been extensively 
used in obtaining information about metal-liquid 
interface phenomena, which have been of importance 
in understanding metal-liquid interfaces in general. 

It is the purpose of this paper to point out how 
some characteristic phenomena occurring at the 
interface of a mercury microelectrode in contact with 
electrolyte solutions can be employed for corrosion 
inhibitor studies. 


Polarographic Maxima 


By applying an increasing potential between a 
dropping mercury microelectrode (cathode) and a 
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reference electrode (nonpolarizable anode) in the 
presence of electroreducible materials, a typical 
“polarographic wave”’ (1) is obtained as in Fig. | 
(curve IV).2 In the presence of NiCl., the cathode 
reaction is: 


Nit* + 2e + Hg = Ni(Hg) 


The limiting current is proportional to the con- 
centration of the reacting substance, a relationship 
which is employed in quantitative analysis. 

The potential corresponding to one-half the limit- 
ing current value is called the “half-wave potential.”’ 
In contrast to the “decomposition potential,’’ the 
half-wave potential is a well definable quantity, and 
it is usually independent of concentration of the 
reacting material. Hence, it is employed for qualita- 
tive analysis. 

The dropping mercury electrode is under virtually 
complete concentration polarization when the limit- 
ing current is reached. Thus, the amount of current 
flowing through the cell is primarily controlled by 
the diffusion rate of the reacting material to the 
polarized electrode (diffusion current) and within 
certain limits is independent of the applied emf. 
The electrical migration of the reducible ions is 
minimized by employing a nonreducible electrolyte 
(supporting electrolyte) such as KCI in the electroly- 
sis solution. The supporting electrolyte is present 
at considerably higher concentrations than the re- 
ducible ions, and thus the transference number of 
the latter is reduced practically to zero. Under these 
conditions the limiting current becomes entirely a 
diffusion current. 

The current-voltage curves with the dropping 
mercury electrode quite often exhibit more or less 

*Methyl amine (see figure caption) does not participate 
in the electrode reaction. Its role is discussed later. 
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Fig. 1. Polarograms of NiCl, in 0.1M KCL. E po- 


de.” 
tential of dropping electrode. Curve I—Ni maximum; 
curve Il—maximum partially suppressed 0.083% methyl- 
amine; curve I1l—maximum further suppressed with 0.06% 
methylamine; curve IV—Ni ‘“‘polarographie wave,”’ 0.30% 
methylamine. 


pronounced current maxima (polarographic maxima) 
before the limiting value for the current is reached 
(Fig. 1, curve I). These maxima are fairly reproduc- 
ible, and their shapes are independent of the direction 
in which the applied voltage is changed. They inter- 
fere with determination of the half-wave potential 
and the limiting current. They are suppressed, how- 
ever, in the presence of certain substances, e.g., 
methyl amine, which usually do not affect the limiting 
current. 

The origin and suppression of polarographic 
maxima have been the subject of extensive investiga- 
tions (2). It has been shown that the dropping mer- 
cury electrode remains depolarized until the peak 
of the maximum is reached. Beyond this point, con- 
centration polarization sets in and the current 
reaches its limiting value. 

According to Heyrovsky (3), the maxima can be 
distinguished as positive or negative depending upon 
the charge of the mercury with respect to the solution 
at the potential at which the maxima occur. Mercury, 
when immersed in solutions of capillary-inactive 
electrolytes, such as potassium chloride, is positively 
charged. If a cathodic potential is applied to mer- 
cury, its charge decreases as the cathodic potential 
increases to about —0.52 volt vs. the saturated 
calomel electrode. At this point (electrocapillary 
zero) mercury is electrically uncharged with respect 
to the solution, as indicated by its maximum surface 
tension (Fig. 2). At more cathodic potentials mer- 
cury becomes negatively charged, and its surface 
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tension decreases again. Positive maxima ppear 
potentials below, and the negative abo: 
volt. 

A considerable amount of work has bee: reported 
in connection with the suppression of Pola: ographic 
maxima (4), and a number of mechanisms have hee) 
proposed, Whatever the exact mechanism may hp 
it appears that, in the presence of the maxima supres. 
sors, the microelectrode becomes polarized at en; 
values at which it is ordinarily depolarized, as jnqj. 
cated by the appearance of polarographic maxims 


0.52 


Corrosion and Polarographic Processes 


It is widely accepted that metallic corrosion jy 
liquid media is under electrochemical control wit) 
local electrolytic cells operating during the corrosion 
process. Anodic, cathodic, or mixed polarization of 
local cells leads to a decrease or elimination oj 
corrosion, depending on the degree of polarizatioy 
(5, 6). On the other hand, depolarization of |oca! 
cells results in promotion of corrosion. It is thus 
apparent that polarization-depolarization phenom. 
ena on metal surfaces in contact with liquids are of 
paramount importance in corrosion processes. It is 
believed that a number of substances (in particular 
organic compounds) inhibit metallic corrosion by 
adsorbing on the metal surfaces and thus inducing 
polarization of the active local galvanic cells (7-9), 

As mentioned previously, polarography is based 
on electrode polarization phenomena. Complete 
polarization of the dropping mercury microelectrode 
is necessary for the appearance of typical polaro- 


graphic waves (Fig. 1, curve IV). Lack of complete 
polarization of the same electrode at certain emi 
values results in the appearance of polarographic 
maxima. Substances suppressing these maxima are 
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Jieved to polarize microelectrodes at the above 
nf values. Most probably, this polarization is 
ought about mainly by adsorption of maxima 
uppressors On the metal surface (10). 
Thus, it becomes apparent that both corrosion 
nd polarographic processes are electrical-polariza- 
‘ dependent. Electrical polarization, therefore, 
silts in corrosion protection and in typical polaro- 
raphic Waves. Lack of polarization usually promotes 
rrosion and causes polarographic maxima. 

At this point, a comparison between polarographic 
axima suppressors and corrosion inhibitors be- 
omes of considerable interest. To begin with, a 
umber of polarographic maxima suppressors (11), 
.g., organie sulfur derivatives, amines, gelatine, 
te. are also well known for their corrosion inhibit- 
ing properties. Furthermore, capillary active anions 
ind negative colloids in general preferentially sup- 
ress Maxima appearing on the positive side of the 
Jectrocapillary zero (positive maxima), whereas 
-apillary-active cations and positive colloids are 
ffective with the negative maxima. High molecular 
weight substances like gelatine suppress maxima of 
various metal ions on both sides of the electrocapil- 
lary zero. This behavior of maxima suppressors 
appears comparable to that of corrosion inhibitors, 
since corrosion inhibitors also, according to their 
nature, are known to act preferentially on anodic 
or cathodic areas (anodic and cathodic inhibitors, 
respectively) as well as indiscriminately over the 
metal surfaces (general inhibitors) (12). 

On the basis of the above comparison between 
polarographic maxima suppressors and corrosion 
inhibitors, it was felt worth while to investigate their 
common characteristics and thus better understand 
similarities between phenomena occurring in polaro- 
graphic and in corrosion processes. The present 
broad knowledge of polarographic processes could 
prove quite useful to corrosion in general and to 
corrosion inhibitors in particular. 


EXPERIMENTAL 


In order to investigate any existing similarities 
between corrosion inhibition and polarographic 
processes, the behavior of a number of substances 
toward various polarographic maxima was studied 
over a large range of emf values. These substances 
were reported as possessing corrosion-inhibiting 
properties. Preference was given to inhibitors for 
which comparative data in specific environments 
Were available. 

Polarographic maxima.— Three polarographic max- 
ima Were chosen for this investigation corresponding 
to the following reduction reactions. (The half-wave 
Potential, referred to a saturated calomel electrode, 
lor each reduction is shown in parentheses. ) 


CORROSION INHIBITORS AND POLAROGRAPHY 


O. + 2H+ + 2e 


(—0.10 v) 


Pbt*++ 2e = Pb (—0.40 v) 
Nit** + 2e = Ni (—1.10 v) 


All maxima were obtained in 0.1 molar KCl 
supporting electrolyte containing the reducible ions. 


A dropping mercury microelectrode served as the 
cathode. 


Fic. 3. Electrolytic cells employed with the dropping 
mercury electrode. 


The oxygen maximum was obtained by saturating 
the 0.1M KCI solution in the electrolytic cell with 
oxygen immediately before the polarographic run. 
The lead maximum was obtained from a 4.05 xX 
10-°M solution of Pb(NO;). in 0.1M KCl. Immedi- 
ately before each run, nitrogen was bubbled through 
this solution for about 15 min to remove any oxygen 
present in the solution. Traces of oxygen suppress 
the lead as well as the nickel maximum. The nickel 
maximum was obtained from a 3.22 x 10°°M 
NiCl, solution under conditions described for the 
lead maximum. 

Electrolytic cell——A_ single-compartment. electro- 
lytic cell was used with a pool of mercury as the 
nonpolarizable electrode (Fig. 3A). A gas inlet and 
outlet allowed bubbling of gases through the solution, 
thus maintaining the desirable gas atmosphere over 
the solution during polarographic runs. The cell was 
kept at constant temperature (25°C) by means of 
a constant temperature bath. 

Polarograph.—Throughout this investigation an 
automatic recording polarograph* was used. Charac- 
teristics of the dropping mercury electrode, e.g., 


*“Electro-Chemograph, Type E, Leeds and Northrup. 
Philadelphia, Pa. 
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dropping time (5.55 sec/drop at zero applied poten- 
tial) and mercury flow rate (1.240 mg/sec at zero 
applied potential) were maintained constant through 
the investigation. 


Inhibitors for Steel in Sulfuric Acid 


A number of inhibitors for steel in sulfuric acid 
(13) were polarographically tested with the oxygen, 
lead, and nickel polarographic maxima. For each 
test, one of the three maxima was obtained by using 
15 ce of solution containing the corresponding reduc- 
ible substance as described previously (blank run). 
Thereafter, 0.2 ce of a 0.2% aqueous solution of 
inhibitor was added to the electrolytic cell to deter- 
mine its effect upon the maximum. The final arbi- 
trarily chosen inhibitor concentration was approxi- 
mately 27 ppm. In cases of slightly soluble inhibitors, 
small amounts were added directly to the cell. It 
was found necessary to run a blank with each test in 
order to make sure that the maximum was not af- 
fected by accidental causes prior to addition of the 
inhibitors. 

Effectiveness of various inhibitors in suppressing 
polarographic maxima was expressed as “‘per cent 
suppression” and was calculated as follows: 

% suppression = — x 100 
(M; — ta) 
_M, — M: 


100 


TABLE I. Inhibitors for steel in sulfuric acid in the ap- 
proximate order of decreasing effectiveness* 


% Suppression of maxima 


Inhibitor 

On Pb Ni 
1. Butyl disulfide. . 100 100 7 
2. Phenyl thiourea 100 100 23 
3. Thiourea 100 53 22 
4. Butyl mercaptan 100 100 52 
5. Triamylamine 100 100 100 
6. Aldol 100 100 100 
7. Phenyl morpholine. ... 100 100 100 
8. p-Tolualdehyde.... OF 100 38 
9. Phorone 89 100 100 
10. Diamylamine nm 100 100 100 
11. Dieyelohexylamine. ..... 100 100 100 
12. Ethanol morpholine... 8 26 18 
13. a-Naphthylamine.... 100 100 
14. Phenyl hydrazine.... 4 100 100 
15. Benzaldehyde........... 64 100 32 
16. Morpholine 29 37 66 
17. Cyclohexanone.......... 66 100 100 
18. Dimethylamine.......... 37 100 100 
19. Diethylaniline......... 65 100 21 
100 100 100 
21. Ethylenediamine..... 4 34 100 
22. Dimethylaniline. . 100 100 21 
.| 41 60 35 


* The tests (13) were run in 4.9% H,SO, for 48 hr at 25°C. 


mber 195 
TABLE II. Substances found less inhibit 
compared with those in Table I under simily Onditions’ 
Inhibitor 

O: Ni 
Diethylamine............... 0 16 35 
Butylamine...... § | 49 51 
n-Amy! alcohol... .| 12 | 18 15 
Ethylamine rs 12 34 49 
Isopropylamine. . 13 2 30 
Methylamine........ 20 13 

* See reference (13). 
where M, = polarographic maxima in ya, MV, - 


polarographic maxima in ya after addition of jp. 
hibitor, and i, = diffusion current. 

As a rule, diffusion current was not affected hy 
addition of inhibitors at the concentration mentioned 
above. When it was decreased, the corresponding 
maximum was totally suppressed. Results obtained 
with the three maxima are shown in Table [, |i 
can be seen that practically all inhibitors tested 
suppress considerably one or more of the employed 
polarographic maxima. Of 23 inhibitors, 18 suppres 
the lead maximum 100%. The oxygen maximum is 
suppressed either to the same or lesser extent thai 
the lead maximum, except for thiourea. Since the 
lead maximum is less anodic than the oxygen, i 
is perhaps more effectively suppressed under condi- 
tions favoring anodic polarization. 

In the case of the nickel maximum, which appear 
at the cathodic side of the electrocapillary zero, it 


is of interest to notice that the suppressing effective- 
ness of a large number of inhibitors changes con- 


siderably, e.g., it decreases for sulfur derivatives 


In other cases it increases. This is consistent with 
the fact that certain substances are specific in indue- 


TABLE IIL. Inhibitors for aluminum* 


% Suppression of maxima 


Inhibitor 

Or Ni 
a-Naphthoquinoline... 100 100 
Acridine. 100 100 
Thiourea 4. 100 22 
Iodine. .... ; SO l4 
Pyridine.......... 41 35 
Dimethylamine....... ia 37 100 
Nicotinic acid....... 20 60) 
Methylamine............ 20 24 
Hexamethylenetetramine. . 18 20 
Sodium chromate......... 8 100 
Phenol formaldehyde. . ia 7 86 
Butylamine............ 5 
Ethylamine..... 12 49 


Diethylamine........... 0 35 


* See reference (14). 
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rABLE IV. Inhibitors for copper 


% Suppression of maxima 


Inhibitor 
Oz Ni 
penzanilide | 100 100 
But! mercaptam. 100 52 
Rosin 100 71 
Aniline 66 13 
sodium benzoate.........---- 50 21 
wryl mereaptan. .. 49 9 
Morpholine 29 66 
sodium nitrite. . 11 13 
Potassium dichromate . | g | 100 
Sodium 6 100 
rhylenediamine... . 4 100 


iy polarization at either anodic or cathodic metal 
surfaces. 

Some inhibitors reported to be less effective than 
those of Table 1, under similar experimental condi- 
tions, were also observed, as a whole, to be relatively 
ss effective maxima suppressors (Table II). 

(ther inhibitors —A group of inhibitors for alu- 
minum (14) were tested for their effectiveness in 
aippressing oxygen and nickel polarographic max- 
ima. These experiments were carried out under 
conditions identical to those described for iron in- 
hibitors. Results are shown in Table III. It can be 
ven that all inhibitors tested suppressed one or 
both maxima by at least 20%. Here again the sup- 
pressing effectiveness of some of these inhibitors 
changes sharply from the oxygen to the nickel max- 
imum. 

Some compounds relatively ineffective in inhibit- 
ing corrosion of iron and at the same time not very 
elective maxima suppressors (Table I1) are, never- 
theless, listed among inhibitors for aluminum. Polar- 
ographic conditions employed in testing inhibitors 
for either metal were identical, and no attempt was 
made at this point to characterize polarographic 
hehavior of inhibitors under varying conditions 
with reference to specifie corrosion systems. 

A number of representative inhibitors for copper 
lected from the literature were tested like the 
inhibitors for iron and aluminum. Results for oxy- 
gen and nickel maxima are shown in Table IV. In 
addition to the general maxima-suppressing ability 
of these inhibitors, it is of interest to notice that some 
of those least effective in suppressing the oxygen 
maximum are most effective in suppressing the 
nickel maximum. 


Effect of Noninhibitors on Polarographic Maxima 


It is difficult to find compounds which are not 
corrosioi, inhibitors to some extent under some ex- 
‘al conditions. However, a few substances 
were s ected which are not commonly reported as 
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TABLE V. Effect of noninhibitors on polarographic maxima 


% Suppression of maxima 
Name of substance 


Pb Ni 


1 
Methyl alcohol............ 5 | 18 27 
Ethyl alcohol............ 0 15 30 
Propyl aleohol.......... 6 13 13 
Butyl aleohol............| 7 8 | 10 
Isoamyl alcohol.......... 1 13 13 
tert-Amyl alecohol...... 6 12 8 
ether.............. 0 13 | 10 
Propyl ether........ 14 Ss 7 
Cane sugar............ 0 11 16 
Formie acid......... 20 27 67 
Acetic acid............ 0 6 44 
Propionic acid. ..... 0 | 5 43 

33 


Butyric acid......... 0 


effective corrosion inhibitors. Their influence on the 
polarographic maxima is shown in Table V. It is 
apparent that these compounds are as a whole con- 
siderably poorer maxima suppressors than those 
reported in Tables I, III, and IV. 

From results reported to this point it appears 
that in general the polarizing ability of corrosion 
inhibitors can be demonstrated polarographically. 
The conclusiveness of these findings is limited by 
the fact that inhibitors were tested at a single con- 
centration. Furthermore, corrosion test data for all 
these inhibitors under identical conditions are not 
available. 


(Juantitative Approach 


On the basis of the above qualitative experiments, 
it was felt worth while to extend these studies on a 
quantitative basis in order to shed some light on 
common characteristics of polarographic and cor- 
rosion inhibition processes. 

In the following experiments, the single-compart- 
ment polarizing cell was replaced with an H-type 
cell shown in Fig. 3B. A 0.1N calomel electrode was 
employed as the reference electrode instead of the 
mercury pool. Electrical contact between the calo- 
mel electrode and electrolysis compartment was 
established through a fritted glass disk and an agar 
plug. The main advantage of the H-type cell over 
the single compartment. cell is that the potential of 
the calomel reference electrode is not susceptible 
to variations. 


Effect of pH on Polarographic Maxima 


Determining the effect of pH on polarographic 
maxima was considered essential since pH of solu- 
tions from which the maxima were obtained could 
change to a different extent by addition of various 
inhibitors. For this purpose, solutions containing 
the reducible substances were prepared over a wide 
pH range. Since conventional buffered solutions in 
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Fic. 4. Effect of pH upon the oxygen and nickel maxi- 
mum. A—oxygen maximum; limiting current 17 wa; O 
nickel maximum; limiting current 25 ya. 


general affect polarographic maxima, small amounts 
of hydrochloric acid and potassium hydroxide solu- 
tion were employed for pH adjustments. Polaro- 
graphic maxima were then obtained from these solu- 
tions. The pH was measured with a Beckman pH 
meter. Results obtained for the oxygen and nickel 
maxima are shown in Fig. 4. Values of the maxima 
include the corresponding limiting current which 
remained constant over the employed pH range. 
It is apparent that the oxygen maximum is com- 
pletely eliminated at about pH 1; it increases with 
increasing pH up to pH 2.5, and it remains constant 
for higher pH values. The nickel maximum is also 
considerably suppressed at pH 1, and it increases 
with increasing pH. It remains constant, however, 
only for pH values of 3-5 and increases rapidly 
beyond this range. 

Suppression of maxima in high H* concentrations 
indicates that the microcathode becomes polarized 
at the potentials of the maxima. As mentioned pre- 
viously, the microcathode is not polarized when the 
maxima appear. This polarization is perhaps brought 
about by adsorption of H* on the mercury surface. 
In this respect, it is of interest to notice that the 
oxygen maximum occurring at an emf value at which 
the dropping electrode is positively charged with 
respect to the solution is somewhat less affected by 
H* concentration than the negative nickel maximum. 
Similar H*+ adsorption probably occurs at cathodes 
of metals corroding in strong acids. This adsorption 
of H* on cathodic areas very likely hinders corrosion 
inhibitors from acting upon local cathodes. Thus, 
anodic inhibitors would be expected to act more 
effectively than cathodic ones in low pH solutions, 
a fact widely accepted. 
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Amines as Corrosion Inhibitors and | ‘arographi 
Maxima Suppressors 


A number of amines, both aliphatic a), | aromatir 
were employed for a basic comparison ./ polarizg, 
tion phenomena occurring in polarographic 
corrosion inhibition processes. Amines chosen hay, 
been extensively studied by Mann and his coworker 
(7-9) as corrosion inhibitors for mild steel jy 1) 
H.SO, at room temperature. Among the yarioy 
maxima, that of nickel was found most responsiy, 
and, in general, more suitable for the study of th 
above amines. 

Aliphatic amines.—The following aliphatic amines 
were studied in connection with maxima suppression: 
methyl-, ethyl-, propyl-, butyl-, and amylaming 
According to Mann (Fig. 5), the effectiveness of 
these amines in inhibiting corrosion of mild sted 
in LN H.O, at room temperature (25°C) increases 
with increasing molecular weight for any give 
amine concentration expressed in per cent nitrogen 
The effectiveness of each amine increases with its 
concentration and eventually levels off. Effective. 
ness at the leveling-off point is again higher, thy 
higher the molecular weight of the amine. Since 
the covering power and the ability of normal aii. 
phatic amines to adsorb on metal surfaces increay 
with increasing chain length, these corrosion inhibi- 
tion results are in agreement with the widely ae- 
cepted theory that amines inhibit corrosion by ad- 
sorbing on metals. 

Effectiveness of the above amines in suppressing 
the nickel polarographic maximum was studied as 
a function of concentration. The nickel maximum 
was obtained from 6.25 10°-°M NiCl, solution 
in 0.1M KCl supporting electrolyte. A blank run 
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Fig. 5. Inhibition by aliphatic amines of mild ste 


corrosion in 1N H.SO, at 25°C (7). Curve 1—methylamine, 


curve 2—ethylamine; curve 3—propylamine; curve ' 


butylamine; curve 5—amylamine. 
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Fig. 6. Suppression of the nickel maximum as a function 
of concentration of aliphatic amines. O—methylamine; 
j—ethylamine; @—propylamine; O—butylamine; 
amylamine. 


preceded every test. Specific amounts of amine 
lutions of known concentration were added to the 
polarizing cell containing the nickel chloride-potas- 
sium chloride solution. The amine solutions were 
also at the same concentration in respect to nickel 
chloride and potassium chloride as the solution from 
which the maximum was obtained. In this way, 
changes in Ni** concentration during testing were 
avoided. Individual runs were performed for all 
concentrations of the amines tested. The pH of all 
solutions was adjusted to a value of about 3.0 
by means of small amounts of HCl. All experi- 
ments were performed at 25° + 0.1°C. 

The effectiveness of the tested aliphatic amines in 
suppressing the nickel maximum is shown as a 
junction of nitrogen concentration in Fig. 6. There 
is a striking similarity between the behavior of 
these amines as corrosion inhibitors and as nickel 
maximum suppressors. The suppression of the 
nickel maximum increases with amine concentration 
and becomes complete above a critical amine con- 
centration. For a given concentration of amine, 
expressed in per cent nitrogen, the maximum sup- 
pression inereases with molecular weight of the 
amines. Inhibitor concentrations in the polarographic 
and corrosion experiments are not the same since 


different metals and electrolytes are involved in the 
cases, 


SUPPRESSION, % 
oO 


| 


INHIBITOR CONCENTRATION, % NITROGEN 


Fic. 7. Logarithmic plot of Fig. 6 


INHIBITOR CONCENTRATION, % NITROGEN X 103 


Fic. 8. Suppression of the nickel maximum as a function 
of concentration of aromatic amines. O—aniline; A— 
p-toluidine; X—o-toluidine; §§-3,5-xylidine; O—di- 
methylaniline; A—2,3-xylidine; @—2,6-xylidine. 


By plotting the logarithm of the per cent suppres- 
sion vs. the logarithm of the amine concentration, 
straight lines result (Fig. 7). Similar curves are 
obtained from Mann’s data for these amines by 
plotting the logarithm of corrosion inhibiting effec- 
tiveness vs. the logarithm of their concentration in 
per cent nitrogen. In some cases, the slope of the 
lines changes at certain amine concentrations, sug- 
gesting a change in adsorption rates of these com- 
pounds at certain concentrations. 

Aromatic amines.—Seven aromatic amines were 
selected to study further the polarographic behavior 
of corrosion inhibitors: aniline, dimethylaniline, 
o-toluidine, p-toluidine, 2,6-xylidine, 3 ,5-xylidine, 
and 2,3-xylidine. The procedure described for 
studies of aliphatic amines was employed for aro- 
matic amines also. Polarographic results are shown 
in Fig. 8, and corresponding corrosion data (7) in 
Fig. 9. In the case of these amines also, the function 
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Fig. 9. Inhibition by aromatic amines of mild steel 
corrosion in 1N H.SO, at 25°C (7). Curve 1—aniline; curve 
2—2,6-xylidine; curve 3—p-toluidine; curve 4—o-toluidine; 
curve 5-—-3,5-xylidine; curve 6—N,N-dimethylaniline; 
curve 7—2,3-xylidine. 
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of their polarographic maximum suppression ef- 
fectiveness vs. their concentration resembles gas 
adsorption isotherms. Corresponding logarithmic 
plots are shown in Fig. 10. Here again the slope of 
all but one of the lines changes as it does in five of 
the corresponding corrosion plots (Fig. 11). Thus, 
polarographic behavior of the above aromatic 
amines resembles their behavior as corrosion in- 
hibitors, which in turn is comparable to that of 
aliphatic amines. The order of maximum polaro- 
graphic effectiveness, with the exception of 2 ,6-xyli- 
dine, is the same with that of maximum corrosion 
effectiveness. In both cases, however, differences in 
effectiveness of some aromatic amines are small and 
overlap as the concentration changes. 


DISCUSSION 


The appearance of polarographic maxima is 
associated with the fact that at certain emf values 
of current-voltage curves there is a higher concen- 
tration of reactive material in the immediate vicinity 
of the dropping microelectrode than at the emf 
range corresponding to the limiting current. 

Although a satisfactory interpretation of all the 
phenomena associated with polarographic maxima 
is not available, it seems that polarization of the 
mercury microelectrode at the maxima is not estab- 
lished because an excess supply of reactive material 
is available at the microelectrode as a result of some 


specific electrochemical phenomenon. It has been 
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established, however, that surface-actiy. 
adsorbable substances suppress or elimi, 
graphic maxima. It is believed that such 
is brought about by a “hindering” effect 
maxima suppressors, which prevent red) 


highly 
Polaro. 
action 
‘used by 
ble sub. 


stances from reaching the mercury surfac: . Adsorp. 
tion of suppressors on the metal surfac: js yor, 


probably the most predominant factor «sociated 
with the electrode polarization. In fact, suppressive 
action of various substances has been employed 
an indicator of their adsorbability (15). In some eases 
the degree of suppression of the maxima has heey 
suggested as a means of quantitative analysis oj 
various substances (16), surface-active ones 
particular (17). 

With regard to mechanisms of corrosion and coy. 
rosion inhibition, electrical polarization and adsorp- 
tion are of paramount importance according to 
current theories. It becomes thus apparent that 
significant similarities exist between the processes 
involved in polarographic maxima and their suppres. 
sion on one hand, and in metallic corrosion and its 
inhibition on the other. On this basis, it is reasonable 
to believe that polarography constitutes a valuable 
tool for corrosion and corrosion inhibition studies 

In the present study, it is shown that the behavior 
of a number of inhibitors in the mild steel-sulfuric 
acid system is reflected in their action on some polaro- 
graphic maxima obtained in 0.1M KC! solutions as 
supporting electrolyte. Particularly for the amines 
studied, it was demonstrated that their order oi 
relative inhibiting effectiveness is the same as that 
of their suppressing effectiveness. It was further 
demonstrated that the inhibiting as well as the sup- 
pressing effectiveness is a function of concentration 
of the adsorption isotherm type. This is in agreemen' 
with the proposed (7) thesis that amines inhibiting 
corrosion adsorb on metal surfaces by means of the 
active amino-group. Their effectiveness increases 
with their covering power and concentration. The 
former increases, within limits, with molecular 
weight and molecular polarity. The latter affects 
inhibiting effectiveness according to the gas adsorp- 
tion isotherm function. Polarographically, the degree 
of maximum suppression is an indicator of the ad- 
sorbability of certain substances, and the amines 
studied fall into this category. 

According to Mann and his coworkers (7) the 
above amines act as cathodic inhibitors in acid solu- 
tions. They form positively charged ammonium 
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(where X stands for 


type ions | X--N—X 


organic radicals or hydrogen atoms) and this at 
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aitractes by negative poles (cathodes) of the local 
ells. Th. present data are in agreement with these 
views, sce amines are generally more effective 
vith the nickel maximum at an emf such that the 
microelectrode is negatively charged with respect 
to the solution. 

it should be pointed out, however, that, although 
sjectrostatie attraction constitutes the main driving 
joree for adsorption in the case of ions or charged 
olloids, additional factors are probably associated 
vith the adsorption process. Thus, ions in general 
are preferentially effective with either the negative 
or positive Maxima; in many cases, however, they 
suppress both types of maxima to a small or great 
extent. It appears plausible that the nature of 
various inhibitors, insofar as being anodic, cathodic, 
or both is concerned, is very probably revealed by 
their effectiveness in suppressing positive or nega- 
tive maxima. This correlation does not hold if local 
cathodes and anodes of a corroding system are either 
both negatively charged or both positively charged 
with respect to the corrosive medium. Further 
systematic studies in that direction should prove 
of considerable interest. 

In comparing processes of corrosion inhibition 
and maxima suppression, it should be kept in mind 
that no single mechanism can explain all the phenom- 
ena involved in these processes, nor is this necessary. 
Furthermore, considerably different mechanisms 
may lead to similar results depending on the sub- 
stances and experimental conditions involved. Thus, 
in connection with maxima suppression, Heyrovsky 
3) suggested that the suppressing ability of various 
substances increases with their ability to coagulate 
colloidal solutions. This holds true in a number of 
cases, although not in all. In corrosion studies, it 
has also been suggested (18, 19) that colloidal phe- 
nomena are of importance in corrosion protection, 
especially where corrosion products easily acquire 
the colloidal state. In such cases, the action of cor- 
rosion inhibitors may be due primarily to coagulation 
of corrosion products to a protective film. The above 
views on the importance of coagulating properties 
of some substances in maxima suppression and cor- 
rosion inhibition expressed independently could serve 
as an additional indication of similarities between 
the two processes. 

In this respect, it is of interest to mention the 
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fact that gelatine, a so-called ‘“‘general inhibitor,” 
has been used for many years as a “general suppres- 
sor” over a wide range of anodic and cathodic max- 
ima. 

On a practical basis, it is suggested that a polaro- 
graph properly used could provide a convenient 
tool for screening promising candidate corrosion 
inhibitors, e.g., for the iron-sulfuric acid system. 
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Corrosion Properties of Titanium in Marine Environn 


H. B. Bompercer, P. J. Campoure.is, anp G. E. Hurcuinson 


Rem-Cru Titanium, Inc., Midland, Pennsylvania 


ABSTRACT 


Data are presented on the behavior of commercially pure titanium and several common 
structural metals exposed up to five years at Kure Beach, North Carolina. Tests in- 
clude exposures to the atmosphere, quiet and flowing sea water, jet impingement, stress 
corrosion, and galvanic couples. These tests indicate that titanium is unaffected by 


marine environments. 


INTRODUCTION 


Commercially pure titanium has, in addition to 
a high strength-to-weight ratio, the desirable prop- 
erty of outstanding corrosion resistance to a num- 
ber of chemicals. It has excellent resistance to nitric 
acid solutions (1-5), although violent reaction of a 
titanium-manganese alloy with red fuming nitric 
acid (12) suggests that work with any titanium-base 
material in fuming nitric should be conducted with 
caution. Especially interesting is the metal’s resist- 
ance to moist chlorine gas (1), sodium and calcium 
hypochlorites, chloride salt solutions including cupric 
and ferric chlorides, and some mixed acids (1, 2). 
Titanium also has a high resistance to many organic 
acids and compounds (1, 6), but the metal is at- 
tacked by hydrochloric, hydrofluoric, sulfuric, ox- 
alic, trichloroacetic, and unaerated formic acid 
solutions. 

Hutchinson and Permar (1) reported on the ap- 
parent immunity of titanium to sea water by 
atmospheric, jet impingement, and sea water im- 
mersion tests. 

These results were confirmed by Williams (7) 
along with additional information. Exposures up to 
eight months in the atmosphere, in quiescent and 
rapidly moving sea water, and on jet impingement 
had a negligible effect. No evidence of stress cor- 
rosion was observed after six months on titanium 
stressed to nearly the yield strength for 0.1% 
offset. 

LaQue (8) reported similar results for titanium 
subjected to marine environments for extended 
periods of time under many test conditions. No 
significant effect was observed under any test con- 
dition. Excellent resistance to erosion, corrosion 
fatigue, stress corrosion, crevice corrosion, and pit- 
ting was reported. The galvanic effect of titanium 
in contact with other materials was found to be 
about the same as that of the 18-8 stainless steels. 

‘Manuscript received November 12, 1953. This paper 


was prepared for delivery before the Wrightsville Beach 
Meeting, September 13 to 16, 1953. 


This paper reports additional information 
titanium and a number of controls exposed to marine 


environments at Kure Beach since midsummer oj 
1948. 


EXPERIMENTAL 


Commercially pure, cold-rolled titanium? was 
tested along with the controls listed in Table | 
Titanium sheet had a nominal composition of more 
than 99% titanium, 0.3% carbon, and a few tenths 
to a few hundredths of 1% oxygen, nitrogen, and 
iron. 

Except in jet impingement and galvanic tests, 
materials were tested as 6 in. x 11% in. x }4p in. to 
Lig in. strips. After testing, aluminum alloys, stain- 
less steels, Inconel, and titanium were cleaned by 
swabbing in 65% nitric acid for three minutes. The 
copper and Monel were swabbed in 20% hydro- 
chloric acid for 10 seconds. Cleaning techniques had 
negligible effect on the base material. 


Atmospheric Tests 


Unlike the control specimens, titanium showed 
no significant weight loss or change in appearance 
on being exposed to sea air 80 and 800 ft from the 
ocean for five years, as indicated by Fig. 1. Aluminum 
alloys acquired a mottled limestone gray appear- 
ance, stainless steels became rusty brown, Monel 
turned dark green, and Inconel became speckled 
with brown spots. Control specimens from the 
shore rack were more discolored and corroded more 
rapidly than those in the main lot 800 ft from the 
ocean. 

Materials exposed to the industrial atmosphere 0! 
Bridgeport, Connecticut, for four years and eleven 
months were similar in appearance to those removed 
from the main lot at Kure Beach, but the average 
corrosion rates, given in Table II, were a little 
higher. The same materials exposed five years to the 
rural atmosphere north of Wilmington, Delaware, 
appear by visual examination to be completely 
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TABLE I. Control alloys tested at Kure Beach, N. C. eg 
Aluminum alloys 
Alloy Surface condition Cu Fe Si Mn | Mg | Cr | Zn | Ti : i Al 
wm we ee Bright | 4.54 | 0.30 | 0.15 | 0.58 | 146) — | — — | Bal 
Alelad 248-T3:.........| Bright 
coating . (hei | | 0.27 | 0.13 | 0.07 | 0.01 | 0.13 | — — | — | Bal. 
4.19 | 0.28 | | 0.86 | 139 | — | — | — | Bal. 
ODA « cai ccene iene Bright 0.02 | 0.15 | 0.12 | 0.05 | 2.58 | 0.21 | — | — | Bal. 
Alclad 758-T6:......... | Bright 
0.09 0.36 0.07 0.01 | 0.15 | — | 1.31 | — | Bal. 
th: ae | | 1.58 | 0.15 | 0.08 | 0.12 | 2.61 | 0.24 | 5.90 | 0.05 | Bal. 
Stainless steels 
Alloy Surface condition Cr | Ni Mn P Fe 
ine Type 302 _ Bright, cold rolled 18.37 | 8.71 | 0.93 | 0.019 | 0.009 0.600 0.099 — | —_ Bal. Game 
of Type 316 .. Hot rolled & pickled 17.36 | 12.68 1.60 | 0.024 0.023 0.44 | 0.053 | 1.89) — Bal. o 
Type 347 . Hot rolled & pickled 18.58 11.27 1.76 0.026 0.020 0.58 0.058 | — | 0.87. Bal. 
Nickel alloys 
Vas Alloy Surface condition Cu Cr Ni Mn P S Si Cc Fe 
= Monel... . Cold rolled & annealed 29.75 _ 67.85 1.04 0.029 0.008 0.127 0.072 0.98 
r Inconel Hot rolled — 14.79 | 77.63 0.20 0.010 0.008 0.1838 0.056 6.96 
nd 
affected, except Monel which had a green tarnish Immersion Tests 
its, film and the aluminum alloys which had weathered The titanium specimens immersed in sea water 
to to a limestone gray. Exposures at these three test flowing at 3 ft/sec had, after cleaning, essentially 
in- sites are being continued indefinitely for future the same weight and bright surface that they had 
by examination. when installed 4.5 years earlier. Although all ma- 
he terials were fouled by marine organisms, corrosion 
r0- was observed only on the control specimens as indi- f 
ad cated in Fig. 2 and 3. Inconel, Monel, 248-T3 alu- 
minum alloy, and Type 347 stainless steel suffered 
rather heavy localized attack. Corrosion rates and } 
maximum pit depths for these materials are given a 
ed in Table III. Corrosion rates for control specimens 
me after 483 days were of the same order as those ob- 
he tained after 618 days and 4.5 years, except for 
p 
m 
ar TABLE II. Corrosion rates of materials exposed to the 
ie! atmosphere 
302 STAINLESS 
ed 5 Years at Kure Beach, ; 
he + Years, 
Shore rack | Main lot 
he 
of Nil 0.00008 
0.0256 | 0.0028 | 0.0154 
Alelad 248-T3...... ..| 0.0197 | 0.0034 0.0122 
ed 0.0139 | 0.0026 0.0135 
ze Alclad 75S8-T6 0.0278 0.0034 0.0140 
tle 302 Stainless. . ......| 0.0009 Nil 0.0001 
he 316 Stainless......... 0.0013 Nil 0.0003 
347 Stainless......... 0.0011 | Nil 0.0003 
Monel 0.0175 | 0.0107 0.0349 
Inconel................, 0.0014 | 0.0003 0.0094 


STAINLESS TITANIUA 


* Average corrosion rates from three specimens in mils 


Fig. |. Materials exposed 80 ft from the ocean for five years per year. 
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Fig. 2. Materials exposed to flowing sea water for 4'9 years 


Monel and Type 347 stainless steel where a slight 
increase was noted. Slightly higher rates were re- 
ported for these controls by Hutchinson and Permar 
for 120-day exposure tests in a trough (1). 

Similar results were observed for materials ex- 
posed for 480 days in quiet sea water in the basin 
at Kure Beach as illustrated in Fig. 4. Some materials 
were heavily attacked by pitting and « revice cor- 
rosion. No noticeable change or measurable weight 
loss could be detected on the six titanium test speci- 
mens. Corrosion rates, given in Table IV, are essen- 
tially the same as those reported by Hutchinson 
and Permar for 120-day exposures in the basin. 


Galvanic Couple Tests 


Although titanium is an inherently reactive metal, 
it is found at the noble end of the galvanic series 
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Fic. 3. Materials exposed to flowing sea water one year 


and 253 days. 


for metals in sea water along with silver, Monel, 
and passive Type 316 stainless steel, and has a 
steady-state potential of —0.15 volt, vs. saturated 
calomel, at 25°C. The metal is even more noble at 
lower temperatures. 

Additional potential studies at Kure Beach show 
that titanium has the property of polarizing readily 
to the potential of more anodic materials, such as 


TABLE IIL. Materials immersed in sea water flowing at 3 ft/sec in trough at Kure Beach, N. C. 


483 Days 
Material* 
Corr. rate Max. face Max. edge —‘ Corr. rate 

mpy pitting, in. pitting, in mpy 
Titanium Nil None None — 
248-T3 4.80 0.0541 0.14 5.08 
Alclad 248-T3 1.10 None None - 
§28-1/2H 1.52 0.046 0.10 1.47 
Alelad 758-T6 1.21 None None 
302 Stainless 0.08 0.031 0.060 — 
316 Stainless 0.16 0.020 0.10 ~- 
347 Stainless 0.28 0 .068T 1.5t 3.57 
Monel 0.144 0.020 0.12 1.27 
Inconel Nil 0.008 None - 


618 Days 442 Years 
Max. face Max. edge Corr. rate Max. face Max, edge 
pitting, in. pitting, in mpy pitting, in. pitting, in 
- 0.00003 None None 
0.054t 0.15 — 
1.17 0.0357 ().050 
0.035 0.040 
0.781 0.035t 0.20 
= 0.088 0.060 0.20 
0.061 0.050 0.10 
0 .045t 0.050 
—_ 0.094 0.035t 0.10 


* Three specimens of each. 
+t Specimens perforate with pits. 
t Maximum depth of crevice corrosion. 


Vol. 


‘9 
™ 
“o> 
gat 
tert 
rele 
con 
FS 
\le 
528 
Ale 
Coy 
Ste 
Mo 
Inc 
316 
Sil) 


age 


Gat, 


he 


TITANiIV® 
Fig. 4. Materials immersed in quiet sea water 480 days 


plain carbon steel, with which it may be in contact 
8, 9). The effect of this characteristic was investi- 
gated by experiments in which panels of one ma- 
terial were riveted to another with different area 
relationships. According to LaQue (8), the galvanic 
contribution of titanium in a couple is about the 
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TABLE IV. Materials immersed 480 days in quiet sea water 
in the basin at Kure Beach, N. C. 


Average 


Material* corresion | in. | pitting, 
Titanium......... i None None 
248-T3. 2.24 0.054T 0.37 
Alelad 248-T3. . 0.612 0.001 0.001 
52S8-1/2H... 0.96 0 .065t 0.21 
Alelad 75S8-T6 0.60 0.001 0.001 
302 Stainless. 0.146 0.060 0.050 
316 Stainless. . 0.24 0.060 1.50t 
347 Stainless... 1.43 0.067T 2.50t 
Monel 1.38 0.039 0.20 
Inconel 0.49 0.034 4.75t 


* Six specimens of each. 
+t Specimens perforated. 
t Maximum depth of crevice corrosion. 


same as an 18-8 stainless steel, and experiences with 
this material can be used as a safe guide on replac- 
ing stainless steel with titanium. 

In marine atmosphere and sea water tests there 
were no indications that titanium suffered in any 
way as a result of being in contact with the common 
metals and alloys. Corrosion rates for the materials 


in contact with titanium in the basin at half tide e” 


are given in Table V. Titanium coupled with Inconel, 
silver, and Types 302 and 316 stainless steels ap- 
peared to have a negligible effect on these materials. 
However, a noticeable increase in corrosion occurred 
with the remaining specimens coupled to titanium. 
This was especially true for magnesium. In general, 
rates obtained after 360 days’ exposure are similar 
to or slightly less than those observed after 193 
days. 

Schlain (10), and Paige and Ketcham (11) re- 


TABLE V. Sea water galvanic couple tests in basin at haif tide at Kure Beach 


193-Day exposures 


Materials : 
Uncoupled corr. 
rates, mpy* 


FS-1 Magnesium 65.06 920 .7§ 
Alclad 248-T3 0.55 1.20 
528-1/2H 0.457 0.91 
\lelad 758-T6 1.21 1.38 
Copper 0.511 0.92 
Steel (low carbon) 6.10 12.32 
Monel 0.071 0.060 
Incone| 0.002 Nil 
2 Stainless 0.058 0.010 
$16 Stainless Nil Nil 


Silver 


A 
oe 6 in. x 1.5 in. specimen. 

\\orage of two 0.75 in. x 1.5 in. specimens. 
lay exposure. 

1 


day exposure. 


Coupled corr. rates, mpy 


Metal area 7 X Ti 
area** 


369-Day exposures 


Coupled corr. rate, mpy 
Uncoupled corr. 


Metal area “x rate, mpy* Metal area 7 X Ti Metal area X 


i areat area** i areat 
Lost — 
1.70 0.233 0.89 Lost 
7.42 Lost 0.75 4.60 
6.12 0.633 0.83 Lost 
1.015 0.577 0.94 2.00 
17.24 8.60 12.20 12.90 
0.130 0.073 0.06 0.130 
0.002 Nil Nil Nil 
0.120 0.004 0.008 0.096 
Nil Nil Nil Nil 
— 0.70 1.10 1.22 


rage of one 6 in. x 1.5 in. specimen and two 1.5 in. x 0.75 in. specimens. 
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Material 


FS-1 Magnesium 
Alclad 248-T3 
528-1/2H 

Alclad 758-T6 
Copper 

Steel (low carbon) 
Monel 

Inconel . . 

302 Stainless 

316 Stainless 


* Average of one 6 in. x 1.5 in. specimen and two 0.75 in. x 1.5 in. specimens. 
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TABLE VI. Atmospheric galvanic-couple tests on shore rack, Kure Beach 


Uncoupled corr. 
rates,* mpy 


1.26 
0.06 
0.05 
0.10 
0.12 
6.13 
Nil 
0.011 
Nil 
0.004 


** One 6 in. x 1.5 in. specimen. 


+t Average of two 0.75 in. x 1.5 in. specimens. 


t Three years and 160 days’ exposure. 


' 302 STAINLESS 


| STAINLESS 


300-Day exposure 


Coupled corr. rate, mpy 


Metal area 7 X | Metal area }7 X | 


Ti area** 


0.022 
9.82 

0.020 
0.006 
0.009 
0.004 


Fic. 5. Materials tested for crevice corrosion in quiet 


sea water. 


4 Years & 8 months exposure 


Coupled corr. rat ipy 
Uncoupled 
5.5 0.88t 1.17 5. 52t 
0.86 0.0549 0.2130 ().29] 
0.199 0.0845 0.0362 .0813 
0.99 0.0525 0.0786 393 
0.42 0.0852 0.1350 0.241 
Lost — 
0.032 0.0152 0.0197 0.0320 
0.003 0.0025 0.0029 0.0032 
0.023 0.0083 0.0091 0.0015 


0.003 0.0035 0.0029 0.0058 


ported higher corrosion rates than these for copper, 
iron, Magnesium, aluminum alloys coupled with 
titanium of the same area in two to three liters oj 
aerated sodium chloride solutions for relatively 
short times (24-48 hr). These higher rates may be 
due in part to short test periods and _ probable 
changes in solution composition, since rate-contro!- 
ling phenomena such as film growth and polariza- 
tion are a function of time and environment. Paige 
and Ketcham also noted that stainless steel and 
titanium are similar in their electrochemical be- 
havior. 

The galvanic couples tested on the 80-ft shore 
rack gave similar results, although in this case, as 
indicated in Table VI, all corrosion rates are sig- 
nificantly less. Again, Inconel and Types 302 and 
316 stainless steels appeared to be unaffected by 
the titanium, and corrosion rates of these materials 
varied little with time. However, the corrosion oi 
copper, magnesium, and the aluminum alloys was 
increased by titanium and the rates of these ma- 
terials decreased with time. 


Erosion Tests 


Titanium subjected to the action of a submerged 
jet of sea water for 30 days containing 2.4% by 
volume of entrained air at a velocity of 12 ft sec 
and an average temperature of 23.5°C resulted | 
no significant weight loss. There was no change I! 
the surface appearance. Titanium specimens whirled 
through sea water at 30 ft/see for 60 days suffered 
negligible attack. Titanium also has an unusually 
high resistance to cavitation erosion. The metal 's 
said to be superior to conventional propeller alloys 
and almost as good as stainless steel designed espe 
cially for cavitation resistance (8). 
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Crevice Corrosion Tests 


Special tests were designed to determine the 
gsceptivility of titanium to crevice corrosion. 
in these experiments, fiber, and zine and cadmium- 
plated steel washers were bolted to 6 in. x 1.5 in. 
west strips. After 360 days’ immersion in sea water 
1 the basin and four years and eight months expos- 
ure on the shore rack no evidence of pitting, crevice 
~orrosion, or any other form of attack could be found 
on the titanium. However, the nontitanium control 
specimens suffered from localized attack as illus- 
trated by Fig. 5. 


Stress Corrosion Tests 


Titanium containing high residual stresses or 
under static tensile loads does not appear to be 
susceptible to stress corrosion or corrosion fatigue 
in sea air and water. Erichsen cup test specimens, 
stressed as highly as possible without causing failure, 
were exposed in the basin for 360 days and in the 
salt air for four years and eight months. In this time 
there was no evidence of stress corrosion cracking. 
Titanium tensile specimens with a yield strength of 
105,000 psi have been under static loads up to 80,000 
psi for over five years in the main lot at Kure Beach 
without a sign of failure. 

There appears to be no difference between the 
endurance limit of titanium in sea water and in air. 
The value for titanium in sea water is §0,000 psi. 
This is well above the values for materials regularly 
used for pump and propeller shafts (8). 


SUMMARY A 


Commercially pure titanium exposed to sea, in- 
dustrial, and rural atmospheres for approximately 
five years and to sea water up to four and a half 
years appeared to be completely unaffected. Long- 
time tests designed to show susceptibility to sea 
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water erosion, crevice corrosion, galvanic corrosion, 
pitting, stress corrosion, and corrosion fatigue had 
no noticeable effect on the metal. Titanium coupled 
to Inconel, silver, and Types 302 and 316 stainless 
steels had a negligible effect on the corrosion rates 
of these materials, but the rates of Monel, copper, 
low-carbon steel, and aluminum alloys were in some 
cases more than doubled. 
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ABSTRACT 


This paper describes the operation of jet impingement test apparatus in the labora- 
tories of The British Non-Ferrous Metals Research Association in London and at Inter- 
national Nickel Company’s Marine Corrosion Test Station at Harbor Island, N. C. 
Certain differences in results obtained on the same materials in the two laboratories 
are discussed with relation to differences in testing conditions. Particular attention is 
given a comparison between results secured with water that is recirculated and used 
over and over again, as is the practice in the B.N.F.M.R.A. laboratories, with results 
obtained with water that is passed through the apparatus only once, as has been the 
regular practice at Harbor Island. Effects of air bubbles, jet velocity, and other inei- 
dental factors are also discussed. The relationship between test results and service ex- 
perience is considered. It is concluded that test conditions established for use in the 
B.N.F.M.R.A. laboratory, using recirculated water, are toc drastic when applied at 
Harbor Island, using water that is not recirculated, to permit proper comparisons of 
materials. The testing conditions at Harbor Island can be modified to yield results in 
harmony with the B.N.F.M.R.A. results either by reducing the jet velocity or by re- 


circulating the water. 


INTRODUCTION 


Failure of certain condenser tube alloys as a result 
of corrosion-erosion produced by salt water moving 
at moderately high velocity stimulated research on 
this subject, which has been carried on more or less 
continuously since the pioneer work of Bengough 
and May (1). They found that the type of attack 
encountered in service could be reproduced in the 
laboratory by subjecting specimens to jets of sea 
water containing air bubbles of a particular size. 
Apparatus used and other details of the test pro- 
cedure have been described (2, 3). 

A 24-unit jet impingement apparatus was used 
with recirculated water in the B.N.F.M.R.A. Labo- 
ratory in London, and a similar apparatus was in- 
stalled at the Harbor Island Test Station for use 
with sea water that passed through only once. A 
duplicate apparatus at Harbor Island was arranged 
so that water could be recirculated as in the 
B.N.F.M.R.A. Laboratory. 

Prior to installation of the B.N.F.M.R.A. type of 
apparatus at Harbor Island, jet tests were conducted 
there with apparatus in which air was drawn into 
the water by aspirating action of a venturi-type 
nozzle (4, 5). This device produced damage not 
unlike that observed with the British apparatus, 
but in comparing results with specimens of several 

' Manuscript received November 4, 1953. This paper was 


prepared for delivery before the Wrightsville Beach Meet - 
ing, September 13 to 16, 1953. 


alloys which were exchanged for parallel tests in th 
two laboratories, considerable difference in behavior 
was observed. It was thought that this might le 
due to some peculiar characteristics of the two types 
of apparatus. Therefore, arrangements were mat 
to operate a duplicate of the British apparatus at 
Harbor Island. 

This paper presents an account of some of thy 
tests made in England and at Harbor Island whieh 
illustrate differences in behavior that have bee 
observed with the same apparatus and which show 
effects of some important variable factors. 


Resutts or Tests in Two LABORATORIES 


Lack of agreement between results in the two 
laboratories is illustrated conveniently by com- 
paring relative behavior of Admiralty Brass and 
Aluminum Brass and by observation of the effects 
of air bubbles on the extent of impingement attack 
of Admiralty Brass. 

Table I presents data on the average performane 
of Aluminum Brass and Admiralty Brass under 
nominally the same testing conditions (except fo" 
recirculation of water in the British tests) in th 
two laboratories. The approximately 8:1 superiorly 
of Aluminum Brass over Admiralty Brass, show! 
by British tests with air bubbles admitted, 
reduced to about 2:1 in Harbor Island tests. This 
was due to much more severe attack of Aluminum 
Brass at Harbor Island, since Admiralty Bras 
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TABLI. |. Results of Jet impingement tests with 
BN R.A. apparatus at Harbor Island, N.C. 


Velocity of jet: 15 ft/sec 
Duration: 28 days 


Depth of impingement 
attack (mm) 


% Air Temp, 


Water system added Arsenical 
Admiralty Aluminum 
Brass Brass 
through 18 0.37 No test 
20 0.36° 0.15° 
24 0.22 0.16 
Once through 0 15 0.15 No test 
25 0.33 No test 
tecireulated 20° 0.34° 4 0.04°° 
30 0.25 0.01 
Recirculated 0 25 0.27 0.00 


Range 0.20 to 0.61. 
Range 0.08 to 0.23. 
Test made in England, 30-day run. 
i Range 0.14 to 0.51. 
‘ Range 0 to 0.66 (one specimen out of 20 pitted to depth 
of 0.66 mm. No impingement attack greater than 0.02 mm.) 


was affected to about the same extent at both loca- 
tions. 

Similarity in nature and extent of attack of Ad- 
miralty Brass and Aluminum Brass in the apparatus 
as used at Harbor Island is illustrated by Fig. 1. 

Another major difference between the British and 
the Harbor Island results was the failure of the 
latter to show any important or consistent effect of 
air bubbles in aggravating impingement attack on 
\dmiralty Brass under conditions which regularly 
showed no impingement attack unless air bubbles 
were present in the British Laboratory. This is illus- 
trated by results of tests on Admiralty Brass as 
shown in Table I. Fig. 2 shows Admiralty Brass 
specimens after test with and without air bubbles. 


Tests with RecircuLATED WATER 

AT Harpor ISLAND 
Since the principa! difference between testing 
conditions Was recirculation of water in the British 
Laboratory as compared with passing it through the 
jets only onee at Harbor Island, it was decided to 
modify a test unit at Harbor Island to permit recir- 
culation of water. This change in testing conditions 
sufficed to bring results more in line with those regu- 
larly observed in the B.N.F.M.R.A. Laboratory. A 
(ypical comparison of results on Admiralty Brass and 
Aluminum Brass with once-through and recirculated 
sea Water at Harbor Island is provided by Table I. 
It will be seen that when sea water at Harbor 
Island was recirculated as in the B.N.F.M.R.A. 
Laboratory, the relative behavior of Aluminum 
Brass ad Admiralty Brass came into line with that 

ordinary observed in British tests. 


ADMIRALTY BRASS ALUMINUM BRASS 


Fic. 1. Admiralty Brass and Aluminum Brass specimens 
after impingement test with once-through water at 15 
ft/sec at Harbor Island. 


However, even with recirculated water at Harbor 
Island, it was not possible to show any strong effect 
of air bubbles on the extent of impingement attack. 
Typical results of tests at Harbor Island with and 
without the admission of air bubbles are shown in 
Table I. 

Without further :eference to effects of air bubbles, 
it became evident that, at least regarding compari- 
son between Admiralty Brass and Aluminum Brass, 
both the B.N.F.M.R.A. Laboratory and Harbor 
Island tests with recirculated water rated these 
alloys more in line with their behavior under many 
conditions of use than did the more drastic tests at 
Harbor Island with water that was not recirculated. 
Apparently what was involved was some sort of 
trigger effect of erosive conditions created by the 
jet test. This trigger effect seemed to be a break- 
down of protective film. Once this occurred, there 
would be an abrupt increase in extent of impinge- 
ment attack to a level which would not be increased 
much further by greater intensification of erosive 
forces. In this connection, it has been observed in 


AIR BUBBLES 
EXCLUDED 


AIR BUBBLES 
AOMITTED 


Fig. 2. Tests at Harbor Island with once-through water 
at 15 ft/sec. Impingement attack of Admiralty Brass with 
and without air bubbles in the jet. 
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ur 
the B.N.F.M.R.A. Laboratory that materials at- TABLE II. Results of tests in England using  e-throyo) 
tacked at a certain jet velocity without air are no water . 
more deeply attacked if air is added at this or higher Run No. ...| wayss | BByss | 1.033 | pp. 
water at Harbor Island were sufficiently drastic to Materiel Depth of imping: ment atta, 
3 promote film breakdown on both Aluminum Brass Rae 4 
dt and Admiralty Brass, while conditions used with 70:30 Cu Ni, 0.04% Fe......... 0.05 | 0.03 0.09 0.9 
re : recirculated water in both the B.N.F.M.R.A. Labo- 0.06 | 0.04 | 0.07 | 0.08 
ratory and at Harbor Island caused film breakdown 70:30 Cu Ni, 0.8% Fe.......... * 9.01 | 0.07 0.18 
and cons nt serious on | 
: sequent serious damage only to Admiralty 90:10 Cu Ni, 1% Fe............| 0.08 | 0.08 | 0.00 | on 
0.07 | 0.05 | 0.09 0.05 
| Under these circumstances, it would be easy to 90:10 Cu Ni, 2% Fe... . | 0.09 | 0.0 | 0.00 0.16 
understand why the possible mechanical effects of | 0.09 | 0.0 | 0.10) 0.15 
air bubbles might be masked in tests with once- 95:5 Cu Ni, 0.6% Fe. . ..| a | 9.06 | 0.11 | 0.10 
| 0.09 | 0.03 | 0.09 | 0.12 
t . Howev s- ‘ 
| | through at Ho 95:5 Cu Ni, 1.3% Fe. | 0.08 | 0.07 | 0.12 
a tion remains as to w ay the efiects o ar »ubbles 0.07 (0.06 0.13 0.25 
observed with recirculated water the Arsenical copper....... 0.06 | 0.06 0.11) 
B.N.F.M.R.A. Laboratory were not observed also 0.07 | 0.06 | 0.11 | 0.15 
with recirculated water at Harbor Island. Admiralty Brass (70:29:1).....| 0.09 | 0.05 | 0.11 0.11 
| 0.08 | 0.07 | 0.11 0.08 
—_— Tests with Once-THrouGH WATER IN ENGLAND Aluminum Brass (76:22:2). 0.06 | 0.07 0.07 0.08 
A jet test was operated with once-through sea | | 9.0 
: water in England with the cooperation of Imperial ; 
Chemical Industries, Ltd. Results so far obtained similar in most respects. Thus, Aluminum Brass was 
are summarized in Table Il. The amount of attack attacked only slightly less than Admiralty Brass 
produced was in general less than that in once- and the differences among all materials were slight 
through tests at Harbor Island, but results were There appeared to be some effect of adding air 
TABLE IIL. Effect of variation of water speed in recirculating jet impingement test without added air bubbles in B.N.F MRA 
laboratory 
Run No AD/52 AG /52 Z/49 AB /49 B/53 AE/52 AA/49 D/53 
: Water speed (ft/sec) 10 15 15 15 22.5 »” 30 15 15 
tx % Air 0 0 0 0 0 0 0 ° ” 
Material Depth of attack 
70:30 Cu Ni, 0.04% 0 0 0 0.73 | 0.50 | 0.47 | | 03% 
0 0 0 0.55 0.23 0.52 0 0.3 
70:30 Cu Ni, 0.4% Fe : = 0 0 
0 0 
70:30 Cu Ni, 0.8% Fe — 0 — — - -— 0 
0 
65:30 Cu Ni, 2% Fe....... Bs 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
90:10 Cu Ni, 1% Fe 0 0 
0 0 
90:10 Cu Ni, 2% Fe..... ” 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0) 
95:5 Cu Ni, 0.6% Fe 0 -- -- - 0 
0 0 
95:5 Cu Ni, 1.3% Fe. : ; — 0 0 0 - 0 0 
0 0 0 0 0 
Arsenical copper 0 0.23 = 0.38 0.16 0.18 0.89 0.41 0.1 
0 0.17 0.39) 0.16 | 0.15 | 0.73 | 0.38 0.8 
70:30 Brass 0 0.02 0.27. 0.44 0.43 0.70 | 0.32 08 
0 0.03 0.35 0.39 0.56 0.70 0.32 0.31 
Admiralty (70:29:1) Brass 0 0 0 — 0.61 0.67 — 0 0.38 
0 0 0.01 0.64 0.68 0 0.36 
Aluminum Brass (76:22:2). : 0.01 -- <0.01 - 0 0 
0.03 <0.01 0 0 


* Air bubbled into the bath instead of passing through the jets. 
** Air bubbled into the bath and nitrogen (3%) passed through jets; depth of attack in mm. 
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iubbles th some of the cupro-nickels, but not with 
the bras=°s, and, in general, addition of air had 
much less effect than in tests made at B.N.F.M.R.A. 
vith recirculated water. Tests made in the 
.N.F.M.R.A. laboratories with recirculated sea 
vater taken from the site of the once-through test 
equipment gave Fr results similar to other recirculating 
wsts and quite different from once-through tests. 
sea water in onee-through tests was filtered 
through nylon cloth before passing through the 
jets. The first two runs in Table II were carried out 
in winter, and it was observed that appreciable 
quantities of fine silt came through the filter. During 
the runs carried out in spring and summer much 
oss silt passed, but considerable quantities of small 
marine organisms came through the jets and grew 
on the sides of the containing basin, specimen 
holders, ete. 


Errects OF Air BUBBLES IN TESTS 
REcCIRCULATED WATER 


B.N.F.M.R.A. investigators developed data toe 
indicate the severity of erosive forces with respect 
to the jet velocity above which air bubbles were not 
required to produce impingement attack. Several 
alloys were tested with recirculated water, giving 
the data summarized in Table ITT. 

teferring to data on Admiralty Brass, B.N. 
F.M.R.A. tests indicate that air bubbles are not 
essential for impingement attack when jet velocity 
is 22.5 ft see or greater. However, a similar critical 
velocity must be below 15 ft/sec with recirculated 
water at Harbor Island since, as shown by Table I, 
as much attack occurs with this jet velocity without 
air bubbles as with them. Up to now, sufficient 
tests have not been made under those circumstances 
to establish whether there is a jet test velocity with 
recirculated water at Harbor Island such that air 
bubbles exert a controlling effect. One run without 
air bubbles at a jet velocity of 7.5 ft/sec developed 
attack of Admiralty Brass to a depth of 0.19 mm. 
This was less attack than the 0.27 mm depth in a 
companion test without air bubbles at a jet velocity 
of 15 ft/see. However, it appears that the jet test 
velocity at which zero attack of Admiralty Brass 
would oceur in the absence of air bubbles in recir- 
culated water at Harbor Island would be under 7.5 


AOMIRALT Y ALUMINUM 90-10 CU N! 70-30 CUN! 70-30 CU'N! 
BRASS 0.83% FE 0.48% FE 0.03% FE 
Fig Jet impingement attack of condenser tube alloys 


with on-c-through water at 15 ft/see at Harbor Island. 


ft/sec and, therefore, well under the 22.5 ft/sec 
critical velocity indicated by British results. 

Data in the last two columns of Table III are 
particularly significant in showing that the effect 
of air bubbles observed in British tests is mechanical 
rather than chemical, since saturation of water 
with air outside the jets did not promote impinge- 
ment attack, whereas admission of nitrogen through 
the jets did do this. 


Tests oF ComMon CONDENSER TUBE ALLOYS 


As indicated by data for Admiralty Brass and 
Aluminum Brass in Table I, standard testing con- 
ditions with once-through water at Harbor Island 
may be so severe as to cause film breakdown on 
most of the common condenser tube alloys and thus 
tend to mask differences that show up under less 
drastic testing conditions and in common practical 
service. The appearance of specimens after test 
with once-through water at Harbor Island is shown 
in Fig. 3. Similar, but less severe effects occurred in 
once-through tests in England as shown in 
Table ITI. 

Results of tests at 15 ft/see velocity with recir- 
culated water in the B.N.F.M.R.A. Laboratories 
and in once-through water at Harbor Island involv- 
ing a number of common condenser tube alloys are 
summarized in Table IV. 

While tests with once-through water at Harbor 
Island placed alloys in roughly the same order of 
merit as did the British tests, attack on the more 
resistant materials was much greater than in the 
British tests. Additional data are given in Tables 
V and VI. This was further evidence that Harbor 


TABLE IV. Comparison of results of tests of condenser tube 
alloys in the B.N.F.M.R.A. laboratories and at 
Harbor Island 
Testing conditions 

Velocity of jet, 15 ft/sec 

Air added, 3% by volume 

Duration, 28 days 

Water recirculated at B.N.F.M.R.A. 
Not recirculated at Harbor Island 


Average depth of attack 


(mm) 
Material — 
Harbor 
B.N.F.M.R.A. Island 
Run 12 
Arsenical Admiralty Brass........ 0.34 0.28 
Arsenical 70:30 brass. . 0.31 0.43 
Aresenical copper................. 0.30 
70:30 Cupro nic kel, 0. 04% eee 0.11 0.23 
Aluminum Brass. . 0.04* 0.20 
70:30 Cupro nickel, 0. 8% Fe. on 0.02 0.10** 
90:10 Cupro nickel, 2% Fe 0.00 0.15 


* One specimen out of 20 pitted to a depth of 0.66 mm 
No other specimen greater than 0.02 mm. 
** Iron content, 0.45%. 


A/S3 
15 
).35 
» \ 
0 
0 
0 
0 “ 
2 
7 


TABLE V. Typical results in recirculating jet impingement test with added air bubbles in B.N.F.M.R.A. lab. 


Run No. i N/53 
Water speed (ft/sec)................ : 10 
% Air by volume = 3 
Material 

70:30 Cu Ni, 0.04% Fe....... 5 Wee 0 

0.01 
65:30 Cu Ni, 2% Fe....... 
70:30 Cu Ni, 0.8% Fe P ge 0 

0 
90:10 Cu Ni, 2% Fe " 0 

0 
95:5 Cu Ni, 0.6% Fe 0 

0 
95:5 Cu Ni, 1.5% Fe.. Bop 0 

0 
Arsenical copper 0 

0 
70:30 Brass, 0.03% As 0.59 

0.74 
70: 29:1 Brass, 0.038% As 0.42 

0.05 
Aluminum Brass (76:22:2 + 0.03% As)..... 0 

0 


TABLE VI. Summary of a number of results with the recirculating jet impingement test at 15 and 30 ft/sec with 1.5-5% added 
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lory 
J/so W/S3 M/S0 
15 15 15 30 , 
1.5 3 3 3 
Depth of impingement attack 
0.11 0.06 0.04 0.56 0.46 
0.11 0.06 0.05 0.47 0.45 
0 0 0 0 0.02 
0 0 0 0 0.07 
0 
0 
0 0 0 0 0 
0 0 0 0 0 
0 
0 
0 0.02 0 0.03 0.06 
0.08 0.04 0 0.01 0.06 
0.25 0.10 0.50 0.62 
0.20 0.10 0.50 0.67 
0.22 0.28 0.49 0.61 0.61 
0.20 0.26 0.49 0.62 0.67 
0.44 
— — 0.45 
0 0 0.01 0 0.34 
0 0 0.01 0 0) 


in B.N.F.M.R.A. laboratory 


Material — 
Range of Depths 
mm 


70:30 Cu Ni, 0.04% Fe. 0.03-0.31 


70:30 Cu Ni, 0.8% Fe.. 0.00-0.07 
65:30 Cu Ni, 2% Fe | | 0 
90:10 Cu Ni, 2% Fe 0 


95:5 Cu Ni, 1.5% Fe 
95:5 Cu Ni, 1.5% Fe Aged 600°C/30 min.. 
Arsenical Copper 


0.00-0 .09 
0.01-0.30 
0.08-0.61 


70:30 Brass (0.03% As) 0.20-0.44 
70:29:1 Brass (0.038% As) 0.14-0.51 


76: 22:2 Aluminum Brass (0.03% As) 0 .00-0 .66** 


* Normally two specimens in each run. 


15 ft/sec 30 ft/sec 
Average No. of Range of Depths Average No. of 
Depth mm Runs* mm Depth mm Runs* 
0.11 ll 0.11-0.73 0.40 7 
0.02 9 0.00-0.14 0.02 
0 11 0 .00-0 .07 <0.01 7 
0 0.00-0 .57 0.05 7 
0.03 11 0.00-0 .23 0.05 7 
0.14 Ss 0.07-0.71 0.29 
0.30 7 0.17-0.67 0.50 3 
0.31 10 0.50-1.16 0.66 6 
0.34 6 0.04-0.55 0.31 6 
0 .04** 10 0 .00-0 ~0.05 7 


** One specimen out of 20 pitted to a depth of 0.66 mm. No other specimen greater than 0.02 mm. 


TABLE VIL. Effect of jet velocity on impingement attack of 
Admiralty Brass and 90:10cupro nickel alloy with once- 
through water in B.N.F.M.R.A. apparatus at Harbor 
Island 

Testing conditions 
Air added, 3% by volume 
Temperature, 20°C 
Duration, 28 days 


Depth of Impingement Attack (mm) 
Jet 
(ft/sec) 90: 
se Benes 20: 10 kel, 
15 0.28 0.15 
12 0.35 0.13 
9 0.26 0.13 
7.5 0.18 0.06 
6 0.25 0.05 
4 0.15 0.03 


Island tests were much more drastic—perhaps to 
drastic to permit ready evaluation of difference )! 
resistance to impingement attack among compo- 
tions that performed well in Britizh tests. 


Tests at Repucep Water VELOCITY 

An effort was made to discover whether, by reduc 
ing jet velocity, the extent of damage to the mor 
resistant alloys by once-through water at Harbor 
Isiand could be brought into line with results secure? 
with recirculated water in the B.N.F.M.RA 
Laboratory. Data obtained with Admiralty Bras 
and an iron-modified 90/10 cupro-nickel alloy © 
shown in Table VII illustrate results of this serie: 
of experiments. 

It was evident from these results that tes's with 
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TABLE VILL. Impingement attack of condenser tube alloys as tested in several ways 


Material 


irsenical Admiralty. . . ren 

7:30 Cupro Nickel, 0.04% 
irsenieal Aluminum Brass 
“):30 Cupro Nickel, 0.45% Fe 


* [ron. 
**() 8% Iron. 


onee-through water at Harbor Island might be 
brought into line with those obtained with recircu- 
lated water in the B.N.F.M.R.A. Laboratory if the 
et velocity at Harbor Island were reduced suffi- 
ciently, e.g., to 4 ft/sec. That such was the case is 
shown by data for some common condenser tube 
alloys tested with once-through water at Harbor 
Island at 4 ft/see jet velocity (Table VIII). In- 
cluded in this table for convenient comparison are 
results for the same alloys as tested in once-through 
water in England and in recirculated water at both 
Harbor Island and the B.N.F.M.R.A. Laboratory. 
\ppearance of specimens after these tests at Harbor 
Island is shown in Fig. 4 which should be compared 
with Fig. 3. 


RetaTion OF Test Resutts TO PERFORMANCE 
IN SERVICE 

Results of jet impingement tests made in the 
laboratory of B.N.F.M.R.A. have provided a satis- 
lactorily reliable guide in establishing relative merits 
of condenser tube alloys under practical conditions 
in marine and power plant condensers. For example, 
they were the basis for commercial development of 
Aluminum Brass as a condenser tube alloy having 


TESTS IN ONCE THROUGH WATER AT 4 FPS 


90-10 CU NI 7TO-30 Cu ADMIRALTY 
O.71%, FE 0.56%, FE BRASS 


TESTS RECIRCULATED WATER aT 


70-30 Cu 70-30 CU NI 90-10 CU NI 
Brass 0.06% FE 0.40% FE 1.5% FE 


Fig. 4. Tests at Harbor Island 


Depth of Impingement Attack (mm) 


15 ft sec 15 ft sec 
B.N.F.M.R.A Cnr Seen 15 ft/sec Once- | 15 ft/sec Recir-| 4 ft/sec Once- 
b. En through water | culated water through water 
ae at Harbor at Harbor at Harbor 
Island Island Island 
0.34 0.11 0.28 0.28 0.15 
0.11 0.08 0.23 0.14 — 
0.04 0.07 0.20 0.01 ~— 
0.00* 0.10* 0.15 0.02 0.01 
0.02** 0.09** 0.10 0.01 0.01 
5 


resistance to impingement attack superior to that 
of Admiralty Brass. They also demonstrated the 
advantage of iron additions to cupro-nickel alloys 
as summarized in a recent paper (6). Therefore, 
since the relative performance of materials in prac- 
tical service seems to be reflected better by jet 
impingement tests at the level of severity obtained 
in B.N.F.M.R.A. tests with recirculated sea water 
than by more drastic tests with once-through sea 
water at the same jet velocity (15 ft/sec) at Harbor 
Island, it is in order to lessen the severity of the 
latter testing conditions either by reducing jet 
velocity of once-through water to about 4 ft/sec or 
by recirculating water at 15 ft/sec. Of the two possi- 
bilities, use of once-through water at the lower 
velocity might be preferable since, in ordinary prac- 
tice, sea water used for cooling passes through heat 
exchanger tubes only once. However, the final choice 
will be influenced by additional data to be accumu- 
lated at Harbor Island. 

While use of a 15 ft/sec jet velocity with once- 
through water at Harbor Island may be too drastic 
to rate materials for normal service conditions, it 
could be of value for qualifying them for exception- 
ally severe conditions. For example, Fig. 5 shows 
specimens of three alloys that remained free from 
impingement when tested with once-through water 
at 15 ft, sec at Harbor Island. Presumably these alloys 
will perform well where service conditions are too 
severe for ordinary condenser tube compositions. 


90-10 CU NI 
3.5% FE 


70-30 CU NI 
1.5% AL 


Fig. 5. Alloys resistant to jet impingement attack with 


once-through water at 15 ft/see at Harbor Island. 
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Fic. 6. Pitting of Aluminum Brass around supports in 
recirculated water to which silt was added at Harbor 
Island. 


Causes OF DIFFERENCE BETWEEN ONCE-THROUGH 
AND REcIRCULATED WATER AT Harpor ISLAND 


In view of difference in behavior of certain alloys 
in once-through and recirculated water as illustrated 
by Table VIII, there have been many speculations 
as to the underlying cause or causes. Measurements 
of pH and the Copper Corrosion Index? in once- 
through and recirculated water showed no variations 
in these factors that would account for the differ- 
ence in results. However, there was a strong feeling 
that the critical factor was in some way affected by 
biological influence. This would be based on the 
abundance of plankton in the once-through water 
and its scarcity in recirculated water from which 
it settled out in the tests at Harbor Island or was 
filtered out in tests in the B.N.F.M.R.A. Laboratory. 
These organisms could exert both chemical and 
mechanical effects, the latter through abrasive action 
of the animals or their hard skeletons, e.g., the sili- 
cious material in diatoms. At present, there has been 
insufficient opportunity to settle the matter, but 
experiments at Harbor Island introducing silt that 
had settled from flowing water indicated that organic 
material in suspension may be important. A method 
for increasing and controlling the amount of sus- 
pended matter in recirculated water has not yet 
given reproducible results. However, there have 
been strong indications that the presence of sus- 
pended organisms or their skeletons may make re- 
circulated water as aggressive toward some materials 
as is once-through water. This has been observed 
especially with iron-modified 90/10 cupro-nickel 
alloys. Intensity of attack on Admiralty Brass has 
not been increased by silt additions, and high-iron 
70/30 cupro-nickel alloy has resisted impingement 
attack equally well in the presence or absence of 
added silt. 


* The Copper Corrosion Index was developed by Rogers 
(7) as a means of comparing corrosivity of different samples 
of sea water, particularly as it might be influenced by 
contaminants resulting from biological activity. 
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Presumably the principal effect of suspe: (ed ma 
ter is to promote removal of protective fiias yn¢e 
action of the jet. In addition, there appear |. be som, 
chemical effects, principally in the form seve, 
corrosion of Aluminura Brass specimens 
that exist where they are attached to their specime 


holders (Fig. 6). 

The reason for the anomalous situation ‘hat teg 
with recirculated water give better correlation wit} 
practical experience than once-through tests may 
be connected with the fact that ships normally 
steam at full power for long periods only in the 
open sea where there is little suspended matte; 
Occurrence of fine silt and small marine organisms 
capable of causing abnormal corrosive effects may 
be confined mainly to coastal waters. 

Results of all tests given in this paper were ob. 
tained using clean or relatively clean sea water 
Very different effects and much more severe attack 
have been obtained from time to time in the 
B.N.F.M.R.A. Laboratory using naturally polluted 
sea water samples. 


CONCLUSIONS 

Severity of jet impingement tests with once- 
through sea water at Harbor Island was much greater 
than with recirculated sea water under otherwise 
similar testing conditions in laboratories of the 
British Non-Ferrous Metals Research Association 
Materials that were badly attacked in recirculated 
water were, however, no more severely attacked in 
once-through water. 

Tests with once-through water in England gave 
less severe attack than those with once-throug! 
water at Harbor Island, but results otherwise were 
very similar. 

Under severe impingement test conditions it was 
not necessary to have air bubbles in the water for 
attack to occur. Air bubbles had more effect 1 
recirculated water in the B.N.F.M.R.A. Laboratorn 
than in recirculated water at Harbor Island. 

Relative behavior of common condenser tube 
alloys when tested at the level of severity provided 
by tests with recirculated water at 15 ft/sec in thi 


B.N.F.M.R.A. Laboratory was in line with thei 


performance under many conditions of practical us 

Tests at Harbor Island can be made to duplicat 
results from the B.N.F.M.R.A. Laboratory eithe' 
by reducing jet velocity from 15 ft/see to abou! 
4 ft/sec, or by recirculating the water at 15 {tse 


The presence of suspended plankton in the wate! 


at Harbor Island is suspected as being the princip: 
factor in increasing the severity of tests with once 
through water. 

The greater severity of the test with once-troug! 


water at Harbor Island should provide a means 0" 
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1 mat walifyit » materials to resist exceptionally severe Any discussion of this paper will appear in a Discussion -h 
Undelfl onditions of impingement attack in practical serv- — to be published in the June 1955 issue of the 
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Effect of Rapid Cathode Rotation and Magnetic Fie (ds 


on Crystal Orientation in Electrodeposited Metal: 


Ling YANG 


Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


ABSTRACT 


Crystal orientations in metals electrodeposited on a cathode rotating at 3000 rpm were 
stud ed by electron diffraction; results were compared with those ona stationary cathode. 
It was found that orientation could (a) be destroyed, (b) be changed to another type, or (c) 
remain unchanged. These observations were satisfactorily explained by considering the 
effect of the forced convection of rotation on the nature of the diffusion layer surround- 
ing the cathode and, thus, on the amount of hydrogen codeposited, the latter being 
known as an important factor controlling the erystal orientation in electrodeposited 
metals. Under bath conditions used in this work, presence of a magnetic field of 5400 
gauss strength, either perpendicular or parallel to the cathode, had no effect on the 
types of crystal orientation in iron, nickel, and cobalt deposits. However, when the 
field was perpendicular to the cathode, the surface of these deposits became very rough 
and covered with projections protruding in the direction of the field. A possible ex- 


planation of this observation was given. 


INTRODUCTION 


In previous investigations (1-12) of how various 
factors affect the crystal orientation in electro- 
deposited metals, attention has chiefly been paid to 
factors normally present during electrodeposition, 
such as bath temperature, bath composition, and 
current density. It seems to be of interest to extend 
the study to factors which are not always present 
but which are imposed purposely. Attempts have 
been made to study the effect of two of these fac- 
tors—high speed rotation of the cathode and the 
presence of a magnetic field. 


Errect or Hieu Sreep Roration or CaTuope 
Experimental 


The cathode was a brass disk 1 mm thick and 
2 cm in diameter. A small brass nut was soldered to 
the center of one face of the disk, through which 
the disk could be screwed to the axis of the driving 
motor, while the other side of the disk (the working 
side) was polished and degreased. All the metal 
parts in contact with the electrolytic solution, except 
the working side of the disk, were covered with a 
thin layer of polythene to prevent deposition. The 
driving motor was held vertical and the disk cathode 
was screwed to its axis with the polished working 
side downward facing a horizontally disposed sta- 
tionary anode (5 em x 5 em x 1 mm) about 3 cm 
away. The bath container was a one-liter beaker 
about three-fourths filled with the desired electro- 
lyte and the cathode was about 5 cm below the 
liquid level. During deposition, the electric connec- 


' Manuscript received July 23, 1953. 


tion to the rotating cathode was made through 4 
slip ring. Motor speed was 3000 rpm, as measured 
with a Hasler tachometer. For comparison, each 
experiment was run twice, one on a rotating cathode 
and the other on a stationary cathode under the 
same bath conditions. 

Crystal orientation in the deposited metal was 
studied by electron diffraction for two reasons 
Firstly, owing to the low penetration of electron 
beam, the structures of the deposit could be studied 
without interference from the substrate. Secondly, 
because of the high intensity of the diffraction 
pattern shown on the fluorescent screen, different 
regions of the deposit surface could readily be ex- 
amined by moving the focused beam across it. 

Electrolytic baths were all prepared from chem- 
ically pure reagents and further purified by electroly- 
sis. Anodes were all electrolytic metals. Compositions 
of the baths in grams per liter are: (a) nickel, 
NiSO,-7H.O 240, H,BOs, 30, pu = 29- (b) iron, 
350, HoSO, 2.5; (c) silver, 
AgCN 35, KCN 37, KeCO, 38; (d) copper, CuAdcy 
2H,0 25, NaSO;-H.O 50, KCN 35, NasCOs 1") 
(e) coppers, CuSO,-5H.O0 200, 30; (/) ante 
mony, SbCI, 200, HCI (cone) 300 ce. 


Results and Discussions 


In all cases studied (see Table I and Fig. | and 
2), orientations of crystals deposited on the rotating 
cathode, as compared with those on stationary cath- 
ode, fall into three categories according to whether 
(a) erystal orientation was destroyed, (b) crystal 
orientation was changed to the type in which the 
most densely packed lattice plane was para el to 
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TABLE ! nfluence of rotation of cathode (3000 rpm) on the 
«tal orientation of electrodeposited metals 


Current | Current 
nosit Bath temp density efficiency Orientation 

(°C) (amp/dm?) (%) 

Ni* 20 1.25 90 (110) 
Nit 20 1.25 45 Random 
Ni* 52 1.25 95 (100) 
Nit 52 1.25 55 Random 
Fe* 20 3.75 90 (111) 
Fet 20 3.75 25 Random 
Fet 20 7.50 85 (111) 
\y* 20 3.00 80 Weak (110) 
(gt 20 3.00 100 Weak (111) 
Cu;* SO 0.75 75 (110) 
Cut 80 0.75 90 (111) 
Cu* 20 1.25 9S (110) 
Cust 20 1.25 9S (110) 
Sb* 20 0.10 100 Amorphous 
Sbt 20 0.10 100 Amorphous 
Sb* 75 0.65 92 (100) 
Sbt 75 0.65 93 (100) 


Note: Deposit thickness, 2.5-5 yu. 
* Deposit on stationary cathode. 
+ Deposit on rotating cathode. 


the substrate, or (¢) crystal orientation was un- 
affected. 

For all three cases, the type and the degree of 
the orientation persisted over the whole cathode 
surface. This indicates that at 3000 rpm the influ- 
ence of rotation of the cathode on the crystal orien- 
tation of the deposited crystals could not be due to 
the centrifugal forees produced by the rotation. If 
this were the case, observed changes in crystal orien- 
tation in (a) and (b) would vary with the radial 
position of the crystals on the disk cathode. These 
changes, however, were found to be accompanied 
always by a pronounced change in current efficiency, 
siggesting a modification of the nature of the diffu- 
sion layer contiguous to the cathode surface by the 
loreed convection introduced by rotation. This is 
discussed below in the light of examples under head- 
ings of the three above-mentioned cases. 


Crystal Orientation Destroyed 


Data for nickel and iron indicate that, where 
rotation of the cathode decreases current efficiency, 
trystal orientation may be destroyed by rotation. 
Loss of erystal orientation in these cases is, there- 
fore, probably due to disturbances caused by the 
excessive amount of codeposited hydrogen on the 
rotati cathode. 

Tho relation between current efficiency and rota- 
tion the eathode can be explained as follows. It 
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was first postulated by Nernst and later proved 
experimentally by many investigators that a thin 
layer of liquid surrounds the surface of the cathode 
and that ionic concentrations there differ from those 
in the bulk of the solution. Replenishment of the 
ions used up at the cathode surface must be made 
by diffusion and transport through this layer. Al- 
though this theory has been criticized by Eucken 
(13), Levich (14), and Agar (15), the idea is still 
useful for the present qualitative explanation of 
results. Based on this theory, actual concentrations 
of the deposited ions at the cathode surface are 
therefore determined, on the one hand, by the rate 
of removing them by deposition and, on the other 
hand, by the rate of replenishment through the dif- 
fusion layer. The latter is usually less than the former 
at the beginning of the deposition, and they do not 


te}. (f) 


Fic. 1. Examples of crystal orientation destroyed by ro- 
tation of cathode. Left hand column, stationary cathode; 
right hand column, rotating cathode, 3000 rpm. Top, nickel: 
sulfate bath, 20°C, 1.25 amp/dm?, 5 x 10 A thick; (a) (110) 
current efficiency 90%; (6) random, current efficiency 45%. 
Center, nickel:sulfate bath, 52°C, 1.25 amp/dm?, 4 x 10# A 
thick; (c) (100) current efficiency 95%; (d) random, current 
efficiency 55%. Bottom, iron:sulfate bath, 20°C, 3.75 
amp/dm?, 5 x 104 A thick; (e) (111) current efficiency 90%; 
(f) random, current efficiency 25%. 


(a) {b) 
‘ 
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(c) (d) 


Fic. 2. Examples of crystal orientation changed by ro- 
tation of cathode. Left hand column, stationary cathode; 
right hand column, rotating cathode, 2000 rpm. Top, silver: 
eyanide bath, 20°C, 3 amp/dm?, 3.5 x 10* A thick; (a) weak 
(110), current efficiency 80%; (6) weak (111), current effi- 
ciency 100%. Bottom, copper:cyanide bath, 80°C, 0.75 
amp/dm?, 2.5 x 10* A thick; (c) (110), current efficiency 75%; 
(d) (111), current efficiency 90%. 


become equal until a steady state has been reached 
in which concentrations of the depositable ions at 
the cathode surface are more or less impoverished 
and give rise to concentration polarization. 

Under conditions such that hydrogen ions can 
codeposit with metal ions, both types of ions are 
impoverished at the cathode surface, but the extent 
of their impoverishment may not be equal. For 
the nickel and iron baths used here, the hydro- 
gen ion is apparently more susceptible to depletion 
than metal ions, as indicated by the facts that the 
amount of codeposited hydrogen is decreased by 
increasing the current density, and that the pH 
value of the solution at the cathode surface is so 
high that basic metal hydroxides are precipitated 
and included in the deposit (16, 17). This low hydro- 
gen ion concentration at the cathode surface lessens 
the amount of codeposited hydrogen and hence the 
disturbances to the growth of metal crystals. The 
deposit is, therefore, highly oriented. 

However, if the cathode is rotated at high speed, 
forced convection produced by rotation decreases 
the thickness of the diffusion layer. For a circular 
disk rotating «lout an axis passing through its 
center, Levich (18) has shown that the thickness 
of the diffusion layer is inversely proportional to 
the square root of the speed of rotation. This de- 
crease of thickness of the diffusion layer increases 
the rate of ion supply, particularly hydrogen ion, 


ber 195; 
to the cathode surface. As a result, ogen jg, 
concentration at the cathode surface and t). amoyy, 
of codeposited hydrogen increase. Thus. there ;, 
increasing disturbance to the growth of eposited 
crystals. When the disturbance is sever enough, 
deposited crystals become randomly dis). sed. 


If this explanation is true, a higher cur:ent dep. 
sity would outweigh the increased rate of diffusion 
of hydrogen ions to the cathode surface because oj 
cathode rotation. In other words, increased eurrey; 
efficiency may give oriented deposits even when th, 
cathode is rotated. This was the case. Iron deposited 
from the sulfate bath at 20°C and 3.75 amp ‘dm: o, 
a cathode rotating at 3000 rpm in randomly ar. 
ranged crystals, the current density being 25%: }y 
increasing current density to 7.50 amp /dm?, current 
efficiency increased to 85% and the deposited erys. 
tals showed (111) orientation. 


Crystal Orientation Changed 


If rotation of the cathode causes a marked increase 
in current efficiency, deposited crystals may chang 
from the type of orientation characteristic of pre- 
vailing bath conditions on a stationary cathode t 
the type in which the most densely packed lattice 
plane is parallel to the substrate. This is illustrated 
in Table I by the cases of silver and copper deposited 
from their cyanide baths. 

This change of orientation can be explained in the 
same way as that in the previous section. In these 
cyanide baths, it is the metal ions which are more 
susceptible to depletion than the hydrogen ion, a 
shown by the fact that current efficiency decreases 
rapidly when current density is increased. Since tl 
forced convection caused by rotation of the cathod 
decreases the thickness of the diffusion layer on the 
cathode surface, the metal ion concentration near 
the cathode surface is increased, and so is the cur- 
rent efficiency. Decrease in codeposited hydrogen 
diminishes the disturbance to the growth of the 
deposited crystals and, consequently, these crystals 
show a preferred orientation with the most densely 
packed lattice plane parallel to the substrate. The 
latter is the type of orientation developed in mos! 
metals deposited under bath conditions involving 
little or no disturbance to the growth of crystals 


Crystal Orientation Unaffected 


If rotation of the cathode causes little or no change 
in the current efficiency of the deposition, then the 
crystal orientation of the deposit likewise remains 
unchanged, no matter whether the cathode is rotat- 
ing or stationary. This is illustrated by copper de- 
posited from a sulfate bath and antimony deposited 
from a chloride bath, as shown in Table I. 
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Errect OF MAGNETIC FIELD 


Various attempts to study the influence of a 
magnetic field on the mode of crystal growth have 
almost all led to negative results. For example, 
Bergala and Gorskii (19) found that the rates of 
orystallization of water, salol, and diphenylamine 
were unchanged by fields up to 17,000 gauss. Steacie 
and Stevens (20) reported that a field of 5000 gauss 
had no effect on the rate of crystallization of sodium 
thiosulfate from its supersaturated solution, but for 
nickel sulfate a slightly increased rate was noted. 
Rozorth (2) could not find any change in the amount 
of erystal orientation of electrodeposited nickel 
when deposition was carried out in a magnetic field 
of unspecified strength. Cobalt was electrodeposited 
in a magnetic field of several hundred oersted 
strength (21) and iron, nickel, and cobalt were elec- 
trodeposited in a magnetic field of 12,000 oersted 
strength (22), but the crystal orientations of the 
deposit were not studied. The purpose of the present 
work was to find out whether the presence of a mag- 
netic field of 5400 gauss strength could modify the 
crystal orientation of electrodeposited iron, nickel, 
and cobalt. 


Experimental 


A horse-shoe permanent magnet having a field 
strength of 5400 gauss was used. The poles were 
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Fic 3. Arrangements for electrodeposition in a magnetic 
eld. \ anode; B—entrance for fresh solution; C—eathode; 
D ‘ube containing electrolytic solution; E—Bakelite 
irame supporting electrodes; F—exit for used solution; 


of Bakelite frame; N, S—poles of magnet; T—ther- 


Fic. 4. Appearance of iron electrodeposited on brass 
from a sulfate bath at 80°C and 3.75 amp/dm?. (a) In the 
absence of magnetic field; (b) specimen surface is per- 
pendicular to the direction of a magnetic field of 5400 gauss 
strength; (c) specimen surface is parallel to the direction 
of the magnetic field. Time of deposition, 10 min. 15x. 
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circular (diameter 2.0 em) and the pole gap was 1.2 
cm. The small size of the pole gap limited the di- 
mensions of the solution container which was a 
U-tube of 1 em diameter. One of its arms containing 
the electrodes was put into the pole gap of the mag- 
net. Through the other arm, fresh solution was intro- 
duced slowly, after passing the lower part of the 
U-tube immersed in a constant temperature bath, 
to displace the solution which had been impover- 
ished of the deposited ions (Fig. 3). The electrodes, 
both of which were 0.4 cm x 0.6 cm x 0.1 cm, were 
fixed rigidly on a Bakelite frame, at a distance of 
about 0.4 em, and one arm of the frame was held 
by a copper clamp. The cathode was a brass plate, 
polished and degreased, and the anode was a piece 
of electrolytic metal of the kind to be deposited. 
Electrodes were immersed about 1 cm below the 
liquid level and all immersed surfaces of the elec- 
trodes, except the facing areas, were coated with 
collodion. 

Compositions of the nickel and iron baths used 
were the same as described above, while the cobalt 
bath contained 200 g of CoSO,-(NH,).S80,-6H.0 
and 30 g of H;BO;/1 (pH = 3.0). Deposition of 
nickel was carried out at 1.25 amp/dm?, 20° and 
60°C; that of iron at 3.75 amp/dm?, 20° and 80°C; 
and that of cobalt at 2.50 amp/dm? and 20°C. 

Crystal orientations in the deposits were studied 
by electron diffraction, but the specimen had to be 
demagnetized before it was put into the camera 
because of the interaction between the .electron 
beam and the magnetic field of the specimen. Each 
experiment was done in three ways: without mag- 
netic field; with field parallel to the surface of the 
electrodes; and with field perpendicular to the 
surface of the electrodes. 


RESULTS 


No change in the types of crystal orientation of 
nickel, iron, and cobalt deposits was observed as a 
result of the presence of a magnetic field of 5400 
gauss. The iron deposit showed (111) orientation 
at 20°C and (110) orientation at 80°C; the nickel 
deposit showed (110) orientation at 20°C and (100) 
orientation at 60°C; and the cobalt deposit was a 
mixture of face-centered-cubic and hexagonal-close- 
packed forms showing (110) and (1120) orientations, 
respectively. However, when the field was per- 
pendicular to the surfaces of the electrodes, the 
deposit surface became very rough and covered 
with projections protruding in the direction of the 
field. This is evident from Fig. 4(a), (b), and (ce), 
showing photomicrographs of the surfaces of iron 
deposited from a sulfate bath at 80°C and 3.75 
amp/dm? for 10 min, (a) with no field, (b) with a 
magnetic field normal to the deposit surface, and 
(c) with a magnetic field parallel to the deposit 
surface. The deposit seemed to grow predominantly 
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on the ridges resulting from the polishi of 
substrate. If the deposit was made on an op sub. 
strate instead of on a brass one, this ten CY Was 
even more pronounced. No such phenom: on Was 
observed, however, for copper deposited jon an 


acid sulfate bath and antimony from 4 hloride 
bath. 

It is tentatively suggested that the efferi is dye 
in part to the magnetic lines of force being more 
concentrated near the projecting parts on the 
surface of the brass substrate after the latter had 
been coated with ferromagnetic deposits. |i js pos- 
sible that this uneven distribution of field along the 
cathode surface causes an uneven distribution of 
Fet*+, Nit*+, and Cot* concentrations there, since 
these ions are paramagnetic, with the result tha 
metal ion concentration is higher near these project. 
ing regions and thus facilitates deposition there. The 
fact that the crystal orientation of the deposit is not 
affected suggests that this outgrowth is merely a 
macroscopic phenomenon and that the tendency oj 
the growth of the crystal nuclei in iron, nickel, and 
cobalt deposits is not affected by a magnetic field 
of the strength used. 


Any discussion of this paper will appear in a Discussior 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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| ole of Sulfur in the Luminescence and Coloration 
of Some Aluminosilicates' 


Russet, D. Kirk 


Dielectrics Branch, Solid State Division, Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Certain complex, sulfur-containing sodalite-type silicates, synthesis of which is de- 
scribed, exhibit under 3650 A excitation an emission extending from 5000 A to beyond 
7000 A, the spectrum varying with composition. The band structure of this emission at 
— 196°C is similar to the emission structure shown by a mixture of NaoS, and Na»SO,. 
It is concluded that luminescence is due to the presence of Na»8,, which replaces part of 


the NaCl normally present in sodalite. 


Synthetic sodalites containing both NaCl and Na.S are tenebrescent, coloring purple 
on irradiation with 2537 and 3650 A ultraviolet. 


INTRODUCTION 


The orange-yellow luminescence of certain forms 
of the mineral sodalite has long been known (1). 
The variety of sodalite known as hackmanite is not 
only luminescent, but is tenebrescent as well. It 
colors rapidly from white to red-purple on exposure 
to a short-wave ultraviolet source (2-4). Visible 
light causes a bleaching of the color. Medved (5) 
prepared sodalite which colored under 2537 A 
ultraviolet by firing synthetic sodalite in hydrogen. 

The purpose of this investigation was to dupli- 
cate the luminescence and tenebrescence of natural 
sodalite with synthetic products and to obtain 
more information coneerning the centers involved. 

Since it is known that sulfur compounds are often 
present in natural sodalite, it was suspected that 
sulfur may play a role in luminescence and tene- 
brescence, 

Gobrecht and Hahn (6), who first reported and 
described the luminescence of polysulfides, pre- 
pared a large number of alkali polysulfides and par- 
tially reduced alkali sulfates by various methods. 
They found in many of the products a red lumines- 
cence under 3650 A excitation and a blue emission 
on exciting with 2537 A radiation. These workers 
ascribe the red emission to the presence of polysul- 
fide ion and the blue to alkali metal activation of 
sulfate. 

The present work confirms some of the results 
obtained by Gobrecht and Hahn and describes the 
preparation and properties of a group of sodalite- 
type compounds which, in some cases, show both 
luminescence and tenebrescence. 


‘Ms nuseript received November 12, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
I2 to 16, 1953. 


EXPERIMENTAL MetTHODS 
Preparation 


Sodalite has the composition 3(Na.Q-Al.Os- 
28i0.)-2NaCl, the natural sulfate analog (the min- 
eral noselite), The 
synthetic sodalite-type compounds prepared for 
this work contain, in place of NaCl, combinations 
of NaCl, NaeSO,, and NaS, in varying amounts 
such that they have the general composition 
3(NaO - AloOs - 2810.) - X NaCl - YNaoS, - ZNaoSO,, 
where X + 2(Y + Z) = 2. Thus within the pa- 
rameters of this formula, one NaSO, or one NaS, 
replaces 2NaCl. 

The following reagents were used in the prepara- 
tions: Linde “A’”’ aluminum oxide, Mallinckrodt’s 
Special Bulky grade silicic acid, and the usual 
C.P. grades of sodium carbonate, sodium chloride, 
and sodium sulfate. 

Dry mixing methods were used for the sodalite 
products, since traces of nonvolatile residues intro- 
duced by milling in organic liquids caused some 
reduction of the sulfate on firing, and some of the 
components are water soluble. Desired quantities 
of the starting compounds were mixed by stirring 
together the dry powders, prefiring in silica dishes 
at 750°C in air, and grinding the resulting cake in 
an automatic mortar. Prefiring and grinding opera- 
tions were repeated several times to insure intimate 
mixing and complete reaction. 

When Na.S was to be introduced into the sodalites, 
this was done by hydrogen reduction of the NaSO, 
which had been prefired into the mixture. 

The final firing, whether in helium, hydrogen, or 
air, was for two hours at 900°C. 

Several sodalite sample series were prepared with 
varying ratios of NaosS/NasSO, and of (NaS + 


hd 
| 
i}. 
if 
36 
98 
98 
sun 
| 
wer 
755 
on B 
eor 
362 461 
‘ER, 


462 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Sept 


NaSQO,)/ NaCl within the series. Thus, end members 
of a particular series had the composition 3(Na.0O- 
and 3(Na.O-Al.0,- 
2810.)-X NaCl-ZNa.SO,. Intermediate members 
were made by grinding together the previously 
fired end members in the desired ratios and firing 
the mixtures in dried helium. Only the end member 
sulfide-containing sodalites fired in hydrogen are 
believed to contain sulfide as NaS. Products pre- 
pared by firing an end member containing NaS with 
one containing Na»SO, are, for reasons stated in 
the discussion section, believed to contain Na.S,, 
where x > 1. Since the amount of Na.S, formed is 
not known, compositions given in the text and figures 
hereafter will, for simplicity, refer to the mole 
ratio of components used in the preparation and are 
not intended to represent the final chemical com- 
position. 

In this paper, the terms “sodalite compounds’”’ 
and “‘sodalites” will be used to describe the sodalites 
with sodium sulfate or sodium sulfides substituting 
partially or completely for sodium chloride. Strictly 
speaking, these are not sodalite, although they are 
closely related crystallographically and chemically. 

Sodium polysulfide-sulfate mixtures were prepared 
in a manner similar to that used by Gobrecht and 
Hahn, i.e., by heating NaS.0;-5H.O or Na.SO; in 
air at 900°C until most of the polysulfide sulfur 
first produced was oxidized. This state is reached 
when the solidified melt is translucent, has a very 
pale yellow color, and shows a yellow luminescence 
under a 3650 A source. The time necessary to reach 
this stage depends upon empirical conditions such 
as the amount of exposed surface and the degree of 
air circulation in the furnace. 

A polysulfide mixture with a red visible emission 
under 3650 A excitation was prepared from Na.SO; 
by the same method, except that the heating was 
stopped while a large proportion of polysulfide was 
still present in the melt. The resulting solidified 
mixture is opaque yellow in visible light. 

Na.S,O; is known to decompose on heating into 
NaS, and Na,SO,. NaSO; disproportionates on 
heating into Na.SO, and Na,S, the latter oxidizing 
readily in air to polysulfide and other products, even 
at room temperature. Since the ratio of NaS, to 
Na.SO, in the decomposition products is not known, 
the mixture, for the sake of brevity, will be designated 
as NawS,-nNaSO,. 

All products made by heating Na.S.O; or Na.SO; 
which luminesced either yellow or red gave a posi- 
tive test for polysulfide with the reagent used by 
Gobrecht and Hahn. The formation of a purple 
color with this complex cobaltic-dimethylglyoxime- 
aniline reagent is claimed by the discoverers, Beato 
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and Briigger (7) to be a specific test for \¢ poly. 
sulfide ion. 


Physical Measurements 

Luminescence of the preparations was hseryed 
under a 100-watt, high-pressure mercury la. yp with 
red-purple Corex + Corning #5860 filter. unles 
otherwise specified. Emission spectra were « tained 
with an automatically recording spectroradiometey 
with the above exciting source and filters, 

Excitation spectra were determined in the usua! 
manner with a Beckman hydrogen lamp and mono. 
chromator. The spectra illustrated are corrected 
to equal energy of excitation. 

Tenebrescence was observed after exposure to 
various sources. 1850 A + 2537 A radiation Was 
obtained from an unfiltered, low-pressure, silica. 
envelope mercury arc; 2537 A radiation, from the 
same lamp with a Corning ¥ 9863 filter. The 3650 \ 
source was the above-mentioned high-pressure 
mercury lamp and filters; the soft x-ray irradiation 
used was that from a Machlett Type OEG 60 tube 
with a tungsten target. 

Reflection spectra were obtained by means of an 
automatically recording apparatus described by 
Schulman and Klick (8). 

Visual observations on the luminescence and 
tenebrescence of the synthetic products described 
in this paper are summarized in Tables I and II, 
respectively. 

Excitation curves for sodium polysulfide-sulfate 
from Na.S-.O; and all the synthetic sodalite products 
were identical. The relative excitation spectra ex- 
tend from 2500 to 5000 A with a single peak at 4000 
A as shown for a typical sample in Fig. 1. 


TABLE I. Luminescence properties of synthetic sodalites 


NaCl..... None White 
NaSO,.. None White 
NaS Nonet Gray 
NaCl + NaS. Nonet Gray 
NaSO, + Na.S* Orange-vellow White? 
NaCl + NaSO, None White 
NaCl + NaS + Na,SO,* Orange-yellow White} 
NaCl + NaSO, fired in 

sulfur vapor Orange-yellow White 


* Starting composition. As stated in the text, this 
composition is believed to produce Na2S, on firing. 

t When ordinary reagent grade aluminum oxide ws 
used in place of Linde ‘‘A’’ in the Na,S-containing prepa™ 
tions, a weak green luminescence with afterglow was ob- 
servable. This may possibly be the iron activated Na* 
luminescence described by Tiede and Reinicke (9). 

tSamples containing both sulfate and sulfide occ 
sionally had small amounts of blue or green ultramarin 
on the outside of the cake. 
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TABLE I! lenebrescence properties of synthetic sodalites 
| | Radiation ooh a = 
| 9537 | 2537 > 
— = Fd gre 
Nad + + + + + 
He + + + + 
+ He. WAVELENGTH (A) 
Air Fic. 2. Emission spectra at 20°C with 3650 A excita- 
H, = tion. .....3(NaO- 1.8 NaCl-0.05Na.8-0.05N ao- 


purple color after exposure. 
_ = no color after exposure. 


+ 
i] 


The sodium polysulfide-sulfate prepared from 
thiosulfate or sulfite exhibits, in addition to the 
vellow-appearing, 3650 A-excited emission, a blue 
luminescence under 2537 A A irradiation. The excita- 
tion peak for the blue emission was found to be at 
2450 A, the emission maximum, at 4600 A. These 
results are similar to those obtained for “alkali- 
metal-activated” alkali sulfates by Gobrecht and 
Hahn, who found an excitation band from 2400 to 
2000 A and emission from 3600 to 5150 A, peaking 
at 4300 A. This blue emission and its excitation 
band can be found in products prepared by heating 
\a8,0; or NaSOs; until the solidified melt is white 
and no emission is observable under 3650 A excita- 
tion. The synthetic sodalites do not show this blue 
emission. 

Emission spectra of the synthetic sodalites and of 
NaS,-nNa SO, from the thiosulfate are shown in 
hig. 2 and 3 for 20°C and —196°C, respectively. 
\lthough the luminescence colors are yellow and 
red at the two respective temperatures, the emission 
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- ---- 3(Na.0- Al.O;- 28i02)1.0NaCl-0.25Na.8- 0.25- 
Na.SO,; 3(Na.O- Al.O;- 2810-2) 0.5Na.S-0.5Na.S0,; 
——NaS,n NaSO, from NaS.0;. 


is broad in both cases, extending from about 5000 A 
to beyond 7000 A. Gobrecht and Hahn mention the 
yellow emission of the polysulfide-sulfate prepared 
from sodium thiosulfate, but give no emission spec- 
trum of this particular material. . 

The small amount of structure shown by the soda- 
lites at room temperature becomes clearly resolved 
at the low temperature into a series of maxima spaced 
about 200 A apart; the observed emission color ‘Wikies 
shifts from yellow or orange-yellow to red. At about Se 
150°C and above the orange-yellow sodalite emis- tae 
sion color changes to pale yellow. 

It will be observed that the progressive substitu- 
tion of 1(Na.S + NaSO,) for 2NaCl in the sodalite 
compounds shifts the emission maximum to longer 
wave lengths, e.g., when equimolecular concentra- 
tions of NasS and NaSO, are used in a chloride- 
free preparation, the product at room temperature 
shows a maximum beyond 7000 A, as compared to 
peaks at 6150 and 6350 A for the high NaCl com- 
position. 

When the NaCl remains constant, e.g 


, in the 


series -0.5( as + 
Na.SO,), the emission brightness slowly increases 
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Fig. 3. Emission spectra at —196°C with 3650 A excita- 
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Fic. 4. Emission spectra of n NasSO, from Na.SO, 


(early stage of heating) with 3650 A excitation. - -- 
20°C; —196°C. 


with increasing NasSO,/Na.S_ ratio. Maximum 
brightness was obtained with a starting Na.SO,/ NaS 
mole ratio of 5.7; increase of this ratio to a value 
greater than 7 caused a rapid decrease in brightness. 
In this series, decreasing the NasSO, Na.S ratio 
to less than one appeared to cause the position of 
the emission maximum to shift toward the red, 
e.g., the emission maximum of the product with 
Na.SO,/NasS = 0.1 was 500 A farther toward the 
red than that of the product with NasSO,/Na.S = 1. 
This may be only an apparent shift due to an in- 
ternal filtering effect, since the high Na.S members 
rapidly colored pink under the exciting source. 
Spectrographic analysis of some of the early 
synthetic sodalite products disclosed the presence 
of traces of several heavy metals. Therefore, an 
attempt was made to determine whether the band 
structure emission of the sodalites was due to the 
presence of metal activators. Emission spectra of 
0.5 NaS-0.5Na.SO, fired 
with mole ratios of 10-*, 10-*, and 10~-° of salts of 
each of the following metals, Mn, Pb, U, Sm, Ce, 
and Eu, were examined. None of these a*tivators 
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Fic. 5. Reflection spectra of natural hackmanite and 
synthetic products after coloring by 2537 radiation. 
Hackmanite; 3(Na.0- ALO, 28i0.) 1.8NaCl- 
0.05N a.8-0.05N 3(Na,O0- Al,O;- 28102) 1.0- 
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effected any change in the structure of | 
at either 20° or — 196°C. 

Fig. 4 illustrates the emission spectra ; 2) 
—196°C of the sodium polysulfide-sulf; 
formed by heating Na.SO, for only a sho 
that little polysulfide oxidation occurs, a 
in the preparation section. The lumin 
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and 
Mixtury 
period 
described 
ence ap 
pears red to the eye, with practically 1 


structur 
discernible in the emission spectra obtai: 


| by th 
author; low temperatures cause a shift to Jong 


wave lengths with only very slight resolution jy), 
band structure. This emission is similar to thy 
recorded by Gobrecht and Hahn for pure polysy 
fides with the exception that they found no evyidey,, 
of structure at either 20° or — 180°C, 

Reflection spectra for the visible range, as recorde, 
for two typical tenebrescent synthetie products and 
for natural hackmanite, are shown in Fig. 5. These. 
after coloring by ultraviolet, show only a sing) 
reflection minimum in the range of 5300 to 5500 \ 
Medved found an absorption maximum at 5300 + 
50 A for natural hackmanite colored by exposure 
2537 A radiation. 

Discussion 

There appear to be two distinct types of 3650 \ 
excited luminescence of sodium polysulfides: (a 
nearly structureless emission, appearing red to th 
eye and peaking in the infrared; this was obtained 
by the author from NaeS,-nNaSO, from Nast) 
after the early stages of heating, and also by Co- 
brecht and Hahn from pure polysulfides; (b) thy 
yellow appearing emission with line structure show: 
by sodium polysulfide-sulfate prepared from Na:s.) 
and from Na.SO; in the final stages of heating 
Reasons for this emission difference are not know 
but may be related to the NaoS,: NaSO, ratio or t 
the value of x in Na.S,, since only the polysulfide- 
sulfate mixtures which are almost completely ox- 
dized to sulfate have the yellow emission with line 
structure. 

From an inspection of Fig. 3 it can be seen that 
the peaks of the band structure of the emission of th 
synthetic sodalite materials and of the Nas 
nNa SO, are nearly identical in spectral positioy 
Thus it appears likely that the luminescence cente’ 
are the same and that the sodalite luminescence 
connected with the presence of sodium polysulfide 
Although the exact nature of the reaction occurrint 
when the sodium monosulfide- and the sodium st 
fate-sodalites are fired together is not known, It © 
quite possible that a sodium polysulfide-sodalit 
is one of the reaction products, the Na SO, actin 
as an oxidizing agent for the NaS. 

From Table II it can be seen that the ability 0! 
the synthetic sodalites to color under radia:ion © 
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»337 Ao longer wave length is apparently due to 
a eom)ined presence of NaS and NaCl in the 
ype aluminosilicate lattice. Sodalites con- 
wining only one of these compounds do not color 
yrongly under this radiation nor do sodalites con- 
taining only NagSO, or Na2SO, + NaCl. The red- 
purple color of the Na.S-containing  sodalites 
bleaches rapidly under a tungsten light source. 

Medved (5) reported formation of 2537 A-sensi- 
ive products by heating NaCl-sodalite in hydrogen 
at 1060°C. In trials by the author, sodalite contain- 
ing NaCl with no sulfur compounds added was 
fred in hydrogen at 900° and at 1060°C. The prod- 
ets were found to give an extremely weak colora- 
tion under 2537 A radiation. It is believed by this 
author that these products contained traces of 
sulfur. Medved detected Cl~ in the effluent gas and 
attributed its presence to replacement by hydrogen 
of part of the chlorine in NaCl to produce NaH and 
HCl. Attempts by this author to duplicate Medved’s 
work at 1060°C caused extensive loss of NaCl. 
Thus, a two-hour firing at 1060° in hydrogen resulted 
ina weight loss of 55% of the contained NaCl, 99% 
of which could be condensed on a water-cooled silica 
tube. 

It is not unlikely that sodalites containing Na»SO, 
could be reduced to sodalites with Na.S, by firing 
in sulfur vapor. Such reduction could not produce 
NaS as long as excess sulfur is present. Tables I and 
II illustrate that sodalites which contain both NaCl 
and NaSO, are neither luminescent under 3650 A 
nor tenebreseent under 2537 A. When these sodalites 
are fired in sulfur vapor, it can be seen that they 
are still nontenebrescent under 2537 but have be- 
come luminescent (now contain Na.S,). 

Unlike the luminescence, the tenebrescence of the 
sodalites could not be duplicated by the simple 
salt system without the aluminosilicate lattice. 
Incorporation of the NasS and NaCl into the soda- 
lite crystal structure is apparently requisite for the 
color formation. Mixtures of NaCl and Na.SO, 
fired in graphite crucibles in H, until all the Na.SO, 
was reduced to NaoS were nontenebrescent under 
ultraviolet. X-raying of these NaCl-Na.S mixtures 


SULFUR IN LUMINESCENCE OF SILICATES 465 


caused only the weak yellow coloration of F-centers 
in NaCl. 

As seen from Table II, sodalites containin 
NaCl and Na.SO, colored under x-rays and 1850 . 
ultraviolet. The resulting coloration was bluer and 
bleached much more slowly than that of sodalites 
containing NaS. 


SUMMARY 


The luminescence emission of a group of sulfur- 
containing, synthetic sodalites exhibits at — 196°C 
a series of bands spaced about 200 A apart. These 
bands are similar in spectral position to a previously 
undescribed band emission from sodium polysulfide 
at —196°C, leading to the conclusion that the 
sodalite luminescence is due to the presence of so- 
dium polysulfide. 

When the synthetic sodalites contain sodium 
monosulfide and sodium chloride they are tene- 
brescent, coloring to a red-purple color under ultra- 
violet radiation. 
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Preparation and Properties of Lead Telluride’ 


Epwarp L. Brapy 


Research Laboratory, General Electric Company, Schenectady, New York 


ABSTRACT 


Single crystals of lead telluride, PbTe, have been prepared and their resistivity and 
Hall coefficients determined. Both n- and p-type lead telluride have been produced, but 
they were not of high resistivity. Charge carrier concentration in every case has been 
1-5 X 10'*/em!. Hall mobility of n- and p-type carriers was found to be about 2240 and 


860 cm?/volt-sec, respectively. 


Material of p-type was converted to n-type by allowing lead to diffuse into the crystal 
at 500°C. The value of the diffusion coefficient of Pb in PbTe at this temperature is 
estimated to lie between 5.6 X 10~* and 9.2 X 10-8 em?*/sec. 


INTRODUCTION 


In recent years, a great deal of experimental work 
has been done with the series of compounds PbS, 
PbSe, and PbTe, stimulated by the observations 
that these compounds are photoconductive in the 
infrared (1) and that they exhibit transistor action 
(2, 3). Preparation of these compounds as single 
crystals is described by Lawson (4), and some of 
their electrical and optical properties are reported by 
Smith (1), Chasmar and Putley (5), Gibson (6, 7), 
and Putley (8). The present work had the following 
purposes: (a) determination of the ease of prepara- 
tion of PbTe in pure, stoichiometric form; (b) deter- 
mination of methods of producing p- and n-type 
PbTe at will; (c) measurement of the resistivity, Hall 
effect, and rectification properties of p- and n-type 
PbTe; and (d) obtaining information about the 
chemical stability of PbTe. 


EXPERIMENTAL 


Preparation of Lead Telluride 


Lead telluride was prepared following a modifica- 
tion of the procedure described by Lawson (4). Ele- 
mentary lead and tellurium were weighed with an 
accuracy of about one part in 20,000 to 50,000. The 
lead was spectrographically standardized grade.? The 
analysis states that total impurities are less than 
2 xX 10°*%. The following elements were detected 
spectrographically: bismuth, copper, cadmium, sil- 
ver, calcium, aluminum, and sodium. The bars of 
lead as received are covered with an oxide layer, 
which was removed by electrolytic etching in a mix- 
ture of perchloric and acetic acids. After removal 
from the acid bath, the bar was washed with dis- 
tilled water, dried rapidly with lens paper, and stored 


' Manuscript received March 17, 1954. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953. 

* Obtained from Johnson, Mathey and Company. 


in a nitrogen atmosphere until weighed. For weighing 
purposes the bar was cut into pieces weighing 50-1) 
mg, and the final weight was adjusted by removing 
slivers of lead from the pieces with a scalpel. When 
necessary, the weight could easily be adjusted to 
0.1 mg. Although the surface of the lead must have 
become at least partly oxidized during the weighing 
procedure, there was no observable change in weight 
of the pieces of lead while standing in air for a time 
comparable to that required for weighing. 

Before it was used, the tellurium® was distilled in 
vacuum in a three-bulb distillation train, and was 
finally sealed off in vacuum until used. Tellurium 
prepared in this way was p-type and had a resis. 
tivity of 0.4 ohm-cm. Intrinsic tellurium is reported 
to have a resistivity of 0.56 ohm-cm and 0.29 ohn- 
em, depending on orientation (9), and has a carrier 
concentration of about 10'*/em. For use, the tellu- 
rium was broken into pieces weighing 20-50 mg and 
then weighed. Here again, there was no weighable 
oxidation during the weighing procedure. The ap- 
proximate desired quantity of tellurium was weighed, 
and the weight of lead was adjusted to the required 
amount. 

The container for the reaction was either a graph- 
ite cup or a fused quartz tube. Graphite was used to 
eliminate complications from traces of oxygen leit 
in the system, since room temperature equilibrium 
conditions for reactions of carbon with oxides of lead 
and tellurium are far toward the side of the forma- 
tion of carbon dioxide accompanied by reduction 6! 
lead and tellurium. Furthermore, no compounds 
carbon with lead have been reported. Carbon dite 
luride is reported in an electrie are reaction, bu! 
would not be expected to form under the conditions 
of this experiment. When quartz was used, the tub 
was filled with about 30-35 em of hydrogen aut 
heated to glowing before addition of lead and tell: 


* Obtained from A. D. Mackay, Ine., 99.9% Te by com 
pany specifications. 
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rium. |! this was not done, lead telluride stuck to the 
quartz ‘ube, and, on cooling, both the tube and the 
telluride cracked badly, 

The reaction of lead with tellurium proceeds rap- 
idly with evolution of sufficient heat to maintain the 
reaction once it is started, if the reactants are inti- 
mately mixed. When the reaction is carried out with 
lumps of both reactants, pieces of lead swell as the 
reaction takes place and on occasion have cracked 
the graphite crucible. To avoid this difficulty, the 
tube containing the unreacted lead and tellurium 
was inserted into a furnace at a temperature 50°- 
40°C above the melting point of 905°C. All carbon 
cups in which the reaction was carried out were 
heated in a hydrogen furnace at 1100°C prior to use. 
The cup containing the unreacted elements was 
sealed into a fused quartz tube at a pressure of about 
10 mm after the system had been pumped at this 
pressure for several hours. Sometimes the tube was 
sealed with a few centimeters of helium; an estimate 
of the rate of transmission of helium through the 
silica glass indicates that the pressure drops by about 
a factor of two per day at 900°C. The estimate also 
indicates that helium pressure in the tube sealed in 
high vacuum will increase to a pressure of about 1 u 
during the time of the experiment. Permeation of 
oxygen through the glass is not fast enough to be an 
important consideration. 

When a carbon cup was not used, the reactants 
were placed initially in the Pyrex arm of a Y-tube 
constructed with one Pyrex arm and one silica glass 
arm. The Y-tube was fitted with a ball joint so that 
rotation about the joint would cause the reactants 
to drop into the silica glass tube. Hydrogen was ad- 
mitted to the system at a pressure of 30-35 cm and 
the silica arm heated with a torch to a glowing tem- 
perature. The line was pumped out to about 5 xX 
10° mm, keeping the tube hot. After the tube had 
cooled, lead and tellurium were transferred to the 
silica arm by rotating the Y-tube about the ball 
jot. The tube was then sealed off about two inches 
above the reactants. In none of the experiments to 
be described was there any observable correlation 
between properties of lead telluride and type of con- 
tainer used, 

Production of single crystals of PbTe was accom- 
plished without difficulty by lowering the melt 
through a temperature gradient of about 20°/em 
starting about 50°C above the melting point and 
ending about 50°C below. The lowering rate was 
| cm hr. The equipment, used is indicated in Fig. 1. 

lsefore the crystal was grown, the tube was main- 
tained at a temperature of 955°-965°C for three or 
four hours to ensure thorough mixing of the contents. 
Diving this time, the tube was agitated occasionally 
by moving it up and down inside the furnace. After 
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Fic. 1. Apparatus for producing single crystals of lead 
telluride. 


the tube had been lowered about 12 cm (the crystal 
was usually 3-4 cm long), temperature was decreased 
to room temperature over a period of about eight 
hours to permit annealing. However, there was no 
apparent difference in crystals when the current was 
shut off and the furnace allowed to cool to room tem- 
perature at its natural rate. 

The free volume in all tubes used to prepare crys- 
tals was kept as small as possible in order to mini- 
mize composition changes due to volatility and par- 
tial decomposition of lead telluride. Vapor pressure 
of PbTe at 950°C is claimed to be several centime- 
ters (4), although no accurate measurements could 
be found in the literature. In all experiments in 
which a carbon cup was sealed in a silica glass tube, 
lead telluride condensed on the silica. Occasionally a 
small amount of solid was found in the bottom of 
the tube. Evidence for partial decomposition of PbTe 
is given by the characteristic yellowish color of tel- 
lurium vapor observed over lead telluride above its 
melting point. Thermodynamic data required for an 
estimate of the dissociation constant are not avail- 
able in the literature. 

Ingots of lead telluride have a bright, silvery ap- 
pearance with a large number of small pits in the 
surface. In each of these pits there is usually one or 
more flat surfaces, and, if the ingot is a single crystal, 
these are all oriented in the same direction. Reflec- 
tions from these surfaces provide fairly good evi- 
dence that the ingot is composed of a single crystal, 
but this visual indication was checked occasionally 
with x-rays. Lead telluride has the sodium chloride 
structure and cleaves fairly easily, but not control- 
lably. For this reason the material was difficult to 
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saw to a shape suitable for making electrical meas- 
urements. Some of the data reported here were ob- 
tained with rather irregular samples and therefore 
are not of high accuracy. 

In order to minimize the effect of surface condi- 
tions on electrical measurements of semiconductors, 
it is customary to etch the surface to produce a 
smooth bright finish. Various acid and base treat- 
ments were used on lead telluride without success. 
Hydrochloric, hydrofluoric, perchloric, and acetic 
acids alone or mixed with each other had no visible 
effect. Dilute nitric acid alone or with other acids 
turned the surface black, and concentrated nitric 
produced a much lighter gray surface and converted 
the black surface to gray. Presumably the black 
coating is elementary tellurium which is oxidized to 
tellurium dioxide by concentrated acid. Tellurium 
dioxide is soluble in a strong base solution, but a 
bright surface was not obtained by dipping the gray- 
coated solid in potassium hydroxide solution. A mix- 
ture of sodium hydroxide and sodium acetate had 
no visible effect on the surface. Electrolytic etching 
in a mixture of concentrated perchloric and glacial 
acetic acid produced a black coating when the lead 
telluride was the anode and no visible effect when the 
PbTe was the cathode. A bright etch can be achieved 
only by use of a technique which removes lead and 
tellurium equally rapidly from the surface. Perhaps 
thermal evaporation in vacuum would be successful ; 
experiments to be described later indicate that par- 
tial volatilization in a hydrogen atmosphere produces 
a dull gray finish. The surface can easily be polished 
to a mirror finish by standard polishing techniques, 
but an x-ray examination of a polished surface re- 
veals residual irregularities which a properly etched 
surface would not have. No difference in properties 
was observed between crystals with a mirror polish 
and those obtained with a diamond saw cut. Because 
of the difficulties with the etching procedure, meas- 
urements reported here were obtained with blocks 
which had a saw-cut surface smoothed with 2/0 
emery polishing paper. 

Another procedure often used to minimize the ef- 
fect of surface conditions is to solder electrical con- 
tacts to the surfaces. It was found that a physically 
strong, nonrectifying contact could be achieved with 
ordinary soft solder by using a drop of concentrated 
hydrofluoric acid as flux. However, heating lead 
telluride in air changes its surface properties, and, 
since contacts could be obtained with no difficulty 
by pressure alone, all electrical measurements in this 
report were obtained with pressure contacts. 

Resistivity and Hall coefficient data were obtained 
using equipment and techniques previously described 
by Dunlap (10). 
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Electrical Properties of Lead Telluride I, ots 


When lead and tellurium were mixed in » 


nearly 
stoichiometric proportions as possible and single 
crystal prepared as previously described, ingo) 


was invariably found to have the following roper- 
ties. Almost all of the outside surface was n-i ype, as 
determined by a thermoelectric effect probe, py; 
over most of the crystal the n-type charactor was 
present to a depth of only .002-.010 em. The bulk 
of most of the crystal was p-type and only the las 
5-10 % of the crystal was n-type throughout. Typi- 
cal values of electrical resistivities and Hal! coeff. 
cients of p- and n-type material are presented jy 
Table I, together with the mobilities and carrier 
concentrations calculated from these data. 

An attempt was made to prepare high resistivity 
lead telluride by recrystallization of the ingots after 
discarding 5-10 % of the crystal from each end. After 
the first recrystallization, the n-type region at the 
end of the crystal was very much smaller than be- 
fore; the bulk of the crystal (except for the n-type 
skin) was p-type with about the same resistivity and 
Hall coefficient as before. Two more recrystalliza- 
tions had very little effect on the electrical proper- 
ties; resistivity and Hall coefficient were not signifi- 
cantly different from the values in Table I. 

From an ingot prepared from fresh materials a 
section was cut out which was n-type on one face 
and p-type on the opposite, as determined by the 
thermoelectric probe. The resistivity of this block 
was 0.0147 ohm-cm and the Hall coefficient was 
+4.02. This resistivity is about a factor of four 
higher than that of the p-type samples, a result 
which is to be expected qualitatively since, in at 
least part of the block, n-type carriers should balance 
p-type. The boundary between n- and p-types was 
very sharp. A region of intermediate resistivity could 
not be detected with the thermoelectric probe when 
resistivity was judged qualitatively by the galva- 
nometer response. 

After each crystallization, small crystals that had 
deposited from the vapor were collected from the 
wall of the quartz tube. These crystals ranged in 
linear dimensions from about 0.1 mm up to 1 to 2 
mm, were a few hundredths of a millimeter thick, 
and were always rectangular in shape, quite often 
square. These crystals were invariably n-type on 


TABLE I. Properties of typical PbTe 


p-type n-type 
Resistivity (ohm-cm) 0.005 0.00090 
Hall coef. (em*/coulomb) +4.2 —2.0 
Mobility (em?/volt-sec) S40 2220 


Concentration (em~*) 1.5 X | 3.1 10” 
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TABLE II. Effect of hydrogen on electrical properties of lead telluride 


Time heated 


Hall coef 


Say Temp ("¢ (hr) Type by thermoelectric effect Remarks 
| 0 n on one side, p on others +-4.02 
| 500 6 n, all surfaces +3.67; n-Type layer very thin 
+5 .26 
| 845 6 Sample completely volatilized 
5) 0 p, all surfaces +2.12 
9 600 6 n, all surfaces +3.11 n-Type layer removed by light sanding 
9 695 6 n, all surfaces +3 .30 n-Type layer removed by light sanding 


both sides by thermoelectric measurements. The 
n-type character is consistent with the hypothesis 
that the vapor is partly decomposed at the melting 
point and that, since tellurium is more volatile than 
lead, the condensate has a stoichiometric excess of 
lead, which furnishes electrons to the crystal, making 
it n-type. However, the solid collected from the 
bottom of the tube, composed of material which also 
had come through the vapor phase, was p-type on 
the surface in contact with the quartz tube and 
n-type on the exposed surface. 


Treatment of p-Type Lead Telluride with Hydrogen 


If p-type lead telluride is treated with hydrogen, 
the material will be converted to n-type if the hydro- 
gen can react with and remove p-type impurities or 
excess tellurium, or if hydrogen can dissolve in lead 
telluride and provide electrons. To discover the effect 
of hydrogen, a number of experiments were carried 
out in which a block of PbTe was heated at various 
temperatures in a stream of hydrogen. The tank hy- 
drogen? was passed through a Deoxo unit and a 
Drierite tube before it came in contact with the lead 
telluride. Results obtained are listed in Table IL. It 
is apparent from these results that treatment with 
hydrogen will convert p-type PbTe to n-type, but 
that the effect of the hydrogen does not penetrate 
more than a few mils in several hours at a tempera- 
ture low enough to prevent appreciable volatiliza- 
tion of lead telluride. Hydrogen treatment dulled 
the surface of lead telluride considerably, probably 
indicating that some reaction with the surface had 
occurred rather than a dissolution of hydrogen into 
the solid. 


Distillation of p-Type Lead Telluride 


Since lead telluride condensed from the vapor was 
usually n-type, a vacuum distillation of the p-type 
material was carried out in order to prepare bulk 
v-type material. The p-type material in a carbon cup 
Was placed in a silica tube with the end of the tube 
extending outside the furnace. Pumping was con- 
tinued while the tube was heated to a final maximum 


‘roduced by the General Electric Company. 


temperature of 980°C, which was maintained for 
one-half hour. The solid which condensed on the 
cooler portion of the tube was almost black and was 
n-type thermoelectrically. A portion of this solid was 
placed in a silica tube and about 10 em of hydrogen 
admitted to the system. When the tube was heated, 
the color of the solid changed from black to the 
silvery gray characteristic of the bulk ingots. The 
line was pumped out and the heating with hydrogen 
repeated. The line was again pumped out and the 
usual procedure for producing a single crystal fol- 
lowed. This crystal was p-type everywhere, including 
the surface. Hence, the sublimation procedure seems 
useful for producing small flat n-type crystals, but 
does not seem promising as a means of obtaining a 
quantity of n-type lead telluride which can be re- 
crystallized to an n-type ingot. 


Diffusion of Lead Into Lead Telluride 


It is well known that lead sulfide containing excess 
lead is an n-type semiconductor, while with excess 
sulfur it is p-type (11). Similar observations have 
been reported for lead selenide (12) and lead tel- 
luride (4). Anderson and Richards (12) have meas- 
ured the diffusion coefficient of lead in powdered, 
pressed lead sulfide and report that the diffusion 
coefficient, D, is given by 


D = em?/sec 


At 500°C, this equation gives D = 2.2 XK 10°" 
cm?/sec. Since tellurium ions are considerably larger 
than sulfide ions, one would expect the activation 
energy of the diffusion of lead in lead telluride to be 
lower than in lead sulfide and the value of D corre- 
spondingly greater. Hence it seems feasible to con- 
vert p-type lead telluride to n-type by allowing lead 
to diffuse into it at a moderate temperature for a 
few hours. 

To test this point, a disk cut from a single crystal 
of p-type lead telluride was heated in vacuum be- 
tween two disks of lead for 6.5 hr at a temperature 
of 290°C. After this period, the three disks had not 
changed in weight, and the lead telluride was still 
p-type. 
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Fic. 2. Disk of lead telluride after diffusion of lead 


The temperature was maintained below the melt- 
ing point of lead in order to minimize solubility of 
lead telluride in the lead. At the melting point of 
lead, 327°C, the solubility of tellurium in lead is re- 
ported to be about 0.05% (13). Since no effect was 
observed at 290°C, a similar experiment was carried 
out at 500°C. In this experiment, the same disk of 
lead telluride was placed above a lump of spectro- 
graphic lead in a small carbon cup. Enough lead 
was used to ensure contact of the whole area of the 
flat surface of lead telluride with lead, so that dif- 
fusion through lead telluride would be uniform. 

The silica glass tube containing the carbon cup 
with the lead telluride and lead was evacuated (to 
about 0.05 u) and heated to 500°C. After 40 min at 
this temperature, a dark deposit was observed on 
the cooler parts of the tube. To reduce evaporation 
and consequent changes in composition, the tube 
was filled with 35 cm of helium and the temperature 
maintained at 500° + 5°C for a total of 7 hr (includ- 
ing the time in vacuum). At the conclusion of the 
experiment, the disk of lead telluride could not be 
easily removed from the lead. Separation of the two 
was accomplished by heating in a helium atmosphere 
with the lead resting on a nichrome grid. Above the 
melting point of the lead-tellurium solution (almost 
that of pure lead) the solid and liquid phases sepa- 
rated easily. No measure was obtained of the com- 
pleteness of separation, but there was a thin fringe, 
apparently mostly lead, projecting from the edge of 
the disk, and the surface of the disk which had been 
in contact with the lead was shiny and irregular. 
The top surface was somewhat duller, but there was 
no major change in appearance. Several measure- 
ments of the thickness of the disk averaged to 0.326 
em, whereas the initial thickness had been 0.305- 
0.310 cm. 

From the phase diagram, the solubility of tellu- 
rium in lead at 500°C is estimated to be 1%. Since 
the weight of lead taken was 7.05 g, the solubility of 
tellurium would be about 0.070 g, corresponding to 
0.184 g of lead telluride. The original weight of the 
lead telluride was 2.124 g, large enough so that the 
amount of lead telluride dissolved would be only a 
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small fraction of the total. The solid phase equi- 
librium with liquid at 500°C is reported to ontaiy 
25 weight % (34 atom %) tellurium, and lea: shoy)d 
diffuse into the stoichiometric lead telluri: 
this composition is reached. At equilibrium, . totg| 


of 1.05 g of lead would have diffused into tie |e; 
telluride. 

All exposed surfaces of the disk had chanved to 
n-type, including the top, which had had no direct 
physical contact with the lead. The disk was sawed 
perpendicular to the top surface and the freshly ex. 
posed face probed with a thermoelectric-effect jeed|e 
in a micromanipulator. The n- and p-type character 
of the exposed face is indicated in Fig. 2. It is seen 
that the lead had penetrated sufiic ently deeply into 
the lead telluride to convert most of it to n-type. 
Surface diffusion or deposition of lead from the vapor 
phase was rapid enough to convert the whole sur- 
face to n-type and to penetrate about 0.01 em into 
the interior. 

An estimate of the diffusion coefficient of lead in 
lead telluride can be obtained from the data indi- 
cated in the figure. The solution of the diffusion 
equation for one-dimensional diffusion with the 
boundary conditions of the present situation is given 
by (14): 


2 _. 


in which C(z, t) is the concentration at the distance 
x and the time ¢, C, is the constant concentration at 
x = 0, and D is the diffusion coefficient. In the pres- 
ent problem, C, is taken to be the difference in con- 
centration (atoms/cc) between solid lead telluride 
saturated with lead at 500°C and stoichiometric lead 
telluride. The distance x is taken to be the furthest 
distance from the boundary surface at which con- 
version to n-type has occurred, and ¢ is the time of 
heating at 500°C. The concentration, C(x, 1), is more 
difficult to estimate. It must be at least equal to the 
concentration of p-type carriers in the original mate- 
rial, and may be a good deal higher. The diffusion co- 
efficient will be calculated on the assumptions that 
C(a, t) is roughly equal to the original hole concen- 
tration, and that it is roughly ten times greater. The 
correct value of the diffusion coefficient should lie 
between these two values. 

Since no data are available for the density of lead 


ud 


telluride saturated with lead, it is assumed that the 


density is equal to that of the stoichiometric com- 
pound. With this assumption, C, equals 3.5 & 10", 
em’. A reasonable value for the hole concentration 


is 3.5 X 10"*/cm*. Rearranging the diffusion equa- 


tion, one can obtain: 


ae = 0,999 
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Tables o: the error function (the left side of the above 


equation) give & value of: 


The depth of penetration, 2, equals about 0.175 cm 
aiter correction is made for the lead telluride that 
dissolved in the lead, and ¢ = 7 hr = 2.52 X 104 
we, When the above equation is solved for D, a 
value of D = 5.61 X 10-* em?/sec is obtained. When 
a ratio of c/¢. = 0.01 is assumed as a reasonable up- 
per limit, @ value of D = 9.15 & 10~-* em?/sec is ob- 
tained. This range of values for the diffusion coeffi- 
cient of Pb is considered to be of a reasonable order 
of magnitude. It is seen that they are 2.5 & 10 — 
| X 10* times greater than the value for the diffu- 
sion coefficient of lead in lead sulfide. 

The foregoing discussion is all based on the as- 
sumption that the substance which diffuses into the 
lead telluride is excess lead. There is no proof that 
lead is responsible for the conversion to n-type; one 
of the impurities present in the spectrographic lead 
may have caused the change. If this were the case, 
the diffusion coefficient would be of the order of 10? 
to 10° times greater than that calculated above. 

When the hot point of the thermoelectric probe 
rested in contact with an n-type region, the poten- 
tiometer deflection decreased in a few minutes, often 
changing sign. This effect was observed over almost 
all of the n-type surface. The region closest to the 


lead did not change sign but only exhibited a change 


in magnitude. During a period of about 1.5 hr of 
standing in air at room temperature, about two- 
thirds of the n-type surface had changed to p-type, 
and after about three hours only a small fraction of 
the surface remained n-type. The original pattern 
was recovered, however, by light sanding with fine 
emery paper. Changes in type are almost certainly 
associated with oxidation of the surface. When a 
stream of oxygen was directed on the surface, the 
rate of change from n- to p-type was increased con- 
siderably. With a stream of hydrogen on the surface 
an entirely different effect was obtained; the initial 
contact of the probe with the surface was p-type and 
remained p-type as long as the stream of hydrogen 
Was maintained. On removal of the hydrogen, the 
surface reverted to n-type. 

An attempt was made to observe rectification 
across the n-p barrier in the lead telluride. One elec- 
trical contact was made with a small aluminum vise 
used to hold the sample, which was in contact with 
both n-type flat surfaces. The other contact was es- 
tablished with the p-type region of a freshly sanded 
surlace, by use of a brass probe. With the probe in 
very light contact and with a potential difference of 
| light rectification was observed—apparently all 


associated with the probe contact, since an increase 
in pressure caused the oscilloscope trace to become 
ohmic in character. Since the conductivity of the 
material is so high and the n-p boundary so sharp, 
the potential drop across the n-p boundary may ex- 
ceed the Zener breakdown potential. 

When an ohmic trace was obtained and the lead 
telluride surface illuminated with the light from a 
flashlight, the current through the solid increased 
significantly. No quantitative measurements were 
obtained. 


Nonstoichiometric Lead Telluride 


Lawson (4) has reported that lead telluride pre- 
pared from the pure elements will always be p-type 
even when 2-5 % excess lead is used, unless the reac- 
tion tube is treated with hydrogen and the reactants 
melted in hydrogen before reaction. His technique 
leads to an indeterminate but probably small loss of 
tellurium before reaction. Lawson’s procedure was 
modified somewhat in an attempt to simplify the 
procedure and avoid loss of tellurium. The equip- 
ment consisted of the Y-tube with one silica glass 
arm previously described and preparations were 
made as described. 

After preparation of the ingot, a block was sawed 
from the middle portion, and resistivity and Hall co- 
efficient measurements made. In the samples con- 
taining excess lead, it was found that the portion 
of the ingot that crystallized last was invariably 
n-type (as was the surface) and that the thickness of 
the n-type region was 1 to 2 mm. Samples contain- 
ing excess tellurium showed no n-type regions any- 
where. Results of electrical measurements are pre- 
sented in Table IIT. 

Considering the irregularities in the samples due 
to cleavage during sawing, results are considered to 
be identical within the limit of accuracy of the meas- 
urements. The bulk of each of the samples is p-type, 
even with 2% excess lead, just as Lawson observed. 


TABLE III. Electric properties of nonstoichiometric 
lead telluride 


Hall Mobili pened Th 
| coeffic 2/volt- ‘ lectric 
| (ohm-cm) | | “ope 
% | | 
0.5Te | 0.00493 44.16 845 1.50 p 
0.1 Te 0.00379 +3.46| 914 1.81 p 
0.1 Pb | 0.00726 +5.93 1.05 p 
0.5Pb | 0.00468 +5.47) 1170 | 1.14 p 
0.5 Pb* | 0.00553 +4.26 773 1.47 p 
1.0Pb | 0.00475  +3.78 | 795 1.65 p 
Pp 


2.0 Pb | 0.003880 +2.81 740 2.22 


*Sample crystallized in 20 em helium. All others in 
vacuum. 
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Lattice spacings in the samples containing 0.5% 
excess tellurium and 0.5% excess lead have been 
determined.’ Results obtained were 6.4579 + 0.0030 
A and 6.4576 + 0.0019 A, respectively. The differ- 
ence, of course, is not significant. The literature value 
is 6.453 A. It is believed that the value obtained here 
is more accurate than the literature value. 

DIscUSSION 

The study of electrical properties of !ead telluride 
is hindered by its chemical behavior and by limita- 
tions of measuring methods; no volumetric or gravi- 
metric measuring technique is adequate to prepare a 
mixture of the two components in exactly stoichio- 
metric ratio. Furthermore, no adequate means of 
ensuring sufficient purity in the initial reactants is 
available, necessitating purification of the compound 
after formation. Recrystallization from the melt, a 
technique that produces adequate purity in elemen- 
tary semiconductors, is complicated by relatively 
high vapor pressure and partial decomposition of the 
compound at its melting point, so that loss of mate- 
rial and change of composition must be minimized 
by operating in a closed system with a free volume 
as small as possible. With these restrictions, recrys- 
tallization as carried out in the present experiments 
leads either to ineffective rejection of impurities or 
to a nonstoichiometric compound, or to both. 

The p-type character of most of the lead telluride 
(all but about the last 10% to crystallize) indicates 
that the solid phase of PbTe is not in equilibrium 
with a liquid of exactly the same composition, and, 
indeed, there is no reason to expect such a condition 
to exist. If it is assumed that the solid is in thermal 
equilibrium both with empty lead sites and empty 
tellurium sites, it seems reasonable that the concen- 
tration of empty lead sites should be greater than 
that of empty tellurium sites, since the energy re- 
quired to create an empty lead site is undoubtedly 
considerably less than that required for a tellurium 
defect. Electrical neutrality in the crystal can be 
maintained, by assuming either that excess tellurium 
is zerovalent (or monovalent) or that excess telluride 
ion is balanced by the abstraction of electrons from 
divalent lead. Any description in terms of a purely 
onic lattice, however, is certainly an oversimpli- 
fication. 

Therefore, in the usual case, crystallization from 
the melt is expected to lead to a nonstoichiometric 
compound, although in principle the composition of 
the melt could be adjusted so that the solid phase 
would have the desired composition. In general, this 
would require extremely delicate control not only of 
the liquid phase composition, but also of all other 
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variables affecting the solid phase, such 
growth rate and thermal environment. 

Since the presence of impurities cannot « distiy. 
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trical properties. However, it is believed th. « deyig. 
tions from stoichiometry are probably 
for the electrical behavior of the ingots prejared jy 


the present work. 

Another aspect of the chemical behavior of ead 
telluride which contributes to the difficulties of mak. 
ing significant reproducible electrical measurements 
is its reactivity with oxygen. The change of an n-type 
surface to p-type when exposed to air at room tem. 
perature indicates that the compound should be hap- 
died at all times in an inert atmosphere. 

Properties of the material obtained in the presen 
research confirm results obtained with the materia! 
prepared by Lawson. In his paper on the absorption 
spectra of lead sulfide, selenide, and telluride, Gibsov 
(7) reports carrier concentrations of 1 & 10° to 
2 X 10 for p-type lead telluride and 1-6 x 10)" 
for n-type, essentially identical with those obtained 
here. However, Gibson has worked with lead tel- 
luride containing only 5 X 10" carriers; 
Putley (8) reports the best values of hole mobility 
and electron mobility at 290°K to be 840 em? volt- 
sec and 2100 em?/ volt-sec, respectively. Values ob- 
tained for the room-temperature mobilities of holes 
and electrons in the present research were 860 cm* 
volt-sec and 2240 em?) volt-sec. 
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Crystal Structure and Thermodynamic Studies 


Zirconium-Hydrogen Alloys’ 


Eart A. GULBRANSEN AND KENNETH F. ANDREW 


Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


ABSTRACT 


The phase diagram of zirconium-hydrogen alloys was studied on alloys prepared at 
low temperature and for alloys in the composition range of ZrHo 02s to ZrH, 963. Decom- 
position pressure studies were made over the composition range and for a series of 
temperatures. Results of these measurements were in complete agreement with crystal 
structure studies on the major phases. 

Results show presence of two major hydride phases, namely, the 5- and ¢-phases as 
described by Hiigg. No evidence was found for either the y- or 8-phases of Higg, although 
the latter phase was found only at high temperature by Hagg. The «-phase was found to 
have a wide range of homogeneity from ZrH, 9¢5 to about ZrH,.¢;. The 5-phase was 
found to have a composition near ZrH, » and a range of homogeneity from ZrH, « to 
ZrH 1.56- 

A new minor transitional phase was found having the face-centered tetragonal struc- 
ture and existing only in the presence of a-Zr and 5-phases. It has been designated as 
the y’-phase since its composition is probably near that of Higg’s y-phase. 

The free energy of formation of the 5-phase in contact with a-Zr containing hydrogen 


on the 


was determined from decomposition pressure data. 


INTRODUCTION 


The reaction of zirconium with hydrogen has 
been the subject of a number of experimental 
studies. The literature was reviewed by Smith (1) 
in 1948 and more recently by Gulbransen (2) in 
1953. An analysis of the literature shows some con- 
fusion concerning the phases present in the zir- 
conium-hydrogen system and in the interpreta- 
tion of the absorption isotherms. 

Since hydrogen has been found to embrittle 
zirconium under certain conditions for concentra- 
tions as low as 10 ppm (3) and since zirconium is 
rapidly becoming an industrially important metal, 
it is of interest to reexamine the role of hydrogen in 
the metal. 

This communication will present both thermo- 
dynamic studies on the formation of hydrogen 
alloys from the metal and crystal structure studies 
of these alloys. Studies are made for alloys prepared 
at temperatures below 300°C and for compositions 
of ZrHo.ms to ZrHy, 

It has been known for a long time that zirconium 
can absorb considerable quantities of hydrogen and 
still show a metallic appearance. Winkler (4, 5) 
first observed the large capacity of zirconium for 
absorption of hydrogen and proposed that definite 
gaseous and solid hydrides were formed. Gaseous 

' Manuscript received March 19, 1954. This paper was 


prepared for delivery before the Chicago Meeting, May 
2 to 6, 1954. 


hydrides were not confirmed by Wedekind (6), nor 
by Schwarz and Konrad (7). The formation of the 
hydride ZrH, was suggested by Weiss and Neumann 
(8) and Wedekind (9) from studies of the absorption 
of hydrogen by zirconium. 

Smith (1) has designated zirconium as belonging 
to the class of exothermic occluders. These metals 
absorb hydrogen in large quantities, form alloys of 
greater complexity, exhibit solid solution phenom- 
ena, and form one or more secondary phases. 

Absorption isotherms.—Sieverts and Roell (10) 
first studied absorption isotherms on samples of 
metal powders containing 91% zirconium at 800° 
and 1100°C and an absorption isobar at 760 mm of 
Hg hydrogen pressure. Consistent results were 
difficult to attain by their methods. 

Hall, Martin, and Rees (11) recognized the role 
of surface contamination and eliminated surface 
oxide by heating to high temperature in vacuo 
before studying the absorption of hydrogen. Ab- 
sorption isotherms show strong “kinks” for com- 
positions between ZrH,» and ZrH,,4 and the shapes 
of the curves show a resemblance to those found for 
the palladium-hydrogen system where a two-phase 
region has been noted. Hall, Martin, and Rees 
(11) interpret the shape of the curves in terms of 
two solution processes occurring together, only one 
of which is rate-determining. 

Crystal structure studies.—Hiagg (12) has studied 
zirconium-hydrogen phases on specimens prepared 
at high temperature and cooled to room tempers 
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TAL LL. Crystal structure data on Zr-H system 


Lattice structure and dimensions 


Reference 


0 a-phas h.e.p.; @ = 3.228 13 
ce = 5.140 
Transition 862° + 5°C 
temp, 
8-phase b.c.c.; a = 3.61 at 900°C 
0-5 a-phase; h.c.p. 
Qmax 3.247 
Cmax = 5.173 
20) 8-phase; f.c.c. 
a = 4.66 
33 y-phase; h.c.p. 
a 3.335-3 . 339 
= 5.453-5.455 ( 
50 5-phase; f.c.c. (fluorite) 
a = 4.765-4.768 
66.7 e-phase; f.c. tetrag. 
a = 4.964 
c = 4.440 
c/a = 0.894 ) 
66.0 e-phase; f.c. tetrag. 15 
a = 4.87 
c = 4.58 


ture. Although no details of his preparation pro- 
cedures are given, many of the samples were pre- 
pared above the a-8 transformation temperature 
for zirconium, the existence of which Hiagg was 
probably unaware. Five phases were noted by Hagg 
(12), including the 8-phase Zr,H which is stable 
only at high temperatures. 

Table I shows a compilation of crystal structures 
of the two zirconium phases and the several zir- 
conium-hydrogen phases. Data for pure metal 
phases are averaged values of the published litera- 
ture given by van Arkel (13). The dimensions of the 
unit cells are given in kX units. A value of 1.00202 
has been set (14) as the conversion factor for kX 
units into Angstrom units. Criticism has been raised 
by Smith (1) concerning the existence of some of 
Higg’s phases on the grounds that stresses were 
set up in the sample on cooling through the transi- 
tion temperature and that inhomogeneities might 
occur in the method of preparation. Higg probably 
realized many of these difficulties and has not 
suggested that the work was complete. 


EXPERIMENTAL 


Vacuum microbalance-—A vacuum microbalance 
and associated apparatus is used for preparing all 
specimens and for studying decomposition pressures 
of these specimens. The construction and use of the 
microbalance has been described (16). 

Specimens are sheets of zirconium 0.0125 em 
thick. For convenience two sizes are used. The first 
sie weighs 0.05 g and has an area of 1.25 em’. 
Th se specimens are used for preparing and studying 
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TABLE II. Analyses of zirconium samples 


Foote Zr 

Typical 
Si 
Fe 04 
Al 
Cu <.01 
Ti .03 
Mn <.001 
Ca | 01 
Mg < .003 
Pb < .001 
Mo < .001 
Ni O01 
Cr 
Sn .001 
< .001 
N <.01 
O <.01 
H < .02 
Cc < .001 
Hf 2.40 


hydrogen alloys of compositions above ZrHp» 1. The 
second size weighs 0.50 g and has an area of about 
12 cm*. They are used for preparing and studying 
hydrogen alloys below ZrHpo.:0. 

The sensitivity of the balance was 0.79 yug/divi- 
sion (0.001 cm) and the weight change was esti- 
mated to 14 of a division or (0.20 X 10-* g). 
Vacuum system.—Vacuum and reaction systems are 
of critical importance in studying reactions of 
highly reactive metals such as zirconium. The 
vacuum system used in this study is of all glass 
construction and can be evacuated readily to pres- 
sures considerably lower than 10-* mm of Hg. A 
mullite furnace tube (17) which contains the speci- 
men is sealed directly to the Pyrex apparatus. 
Previous studies (17) have shown that pressures less 
than 10-* mm of Hg can be achieved in this system 
with the furnace tube at 900°C after pumping over 
night. 

Preparation of gases.—Pure hydrogen is prepared 
by diffusing purified electrolytic hydrogen through a 
hot palladium tube. Experience has shown that 
gas purity is also a critical factor in the study of the 
zirconium-hydrogen reaction. Reproducible results 
are obtained only with the purest preparations of 
hydrogen. 

Samples and sample preparation.—High purity 
iodide process zirconium is used for all.experiments. 
Spectrographic and chemical analyses are given 
in Table II. The largest impurity is 2.4% of haf- 
nium. 

All specimens are abraded starting with 1/0 
polishing paper and finishing with 4/0. The last two 
papers are used with purified kerosene. Samples 
are then cleaned successively with soap and water, 
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distilled water, petroleum ether, and absolute 
alcohol. After a preliminary weighing, specimens 
are placed in a desiccator until ready for use. 
X-ray diffraction apparatus.—An iron target x-ray 
tube was used as a source of x-rays. The x-ray beam 
was monochromatized to give FeK, radiation. A 
9-em Unicam powder camera was used to record 
reflections. Ilford x-ray film was used in the camera. 

To reduce the background the camera was evacu- 
ated to 0.01 mm of Hg pressure. An exposure time 
of one day was used to bring out the weak lines of 
minor phases present in some samples. 

A pure NaCl specimen was used for calibrating 
the camera at a 2 6 value of 90°C. 


MetHop 


Preparation of samples——The vacuum microbal- 
ance was well suited for the preparation of hydrogen 
alloys of definite composition. The weighed sample 
was placed on the supporting wire and suspended 
from one end of the balance beam. After closing 
off the system, the apparatus was partially evacu- 
ated and the liquid nitrogen trap put in place. 
The evacuation was now completed and the system 
pumped for 16 hr or longer at a pressure below 
10-* mm of Hg. 

To remove the room temperature oxide a fur- 
nace at 700°C was placed around the furnace tube 
for 2 hr, after which the sample was cooled to the 
reaction temperature in vacuo to prepare the par- 
ticular hydrogen alloy. During this heating cycle 
some pick-up of gases from the vacuum system would 
be expected to occur. This was found to be of the 
order of 2 to 3 ug or less which was negligible for 
our purposes. To assure homogeneity the specimen 
was homogenized for 20 hr or longer at the prepara- 
tion temperature. For specimens prepared above 
150°C this treatment appeared to give a uniform 
composition throughout. Weight changes occurring 
during this treatment were 2 to 3 ug or less. 

Decomposition pressure studies.—Zirconium re- 
acts with hydrogen to form at least two stable 
hydrides in addition to the a-phase of zirconium 
containing hydrogen. The phase diagram of the 
zirconium-hydrogen system can be determined by 
measuring decomposition pressures at a series of 
temperatures over the complete composition range. 
Decomposition pressure was determined by closing 
off the sample from the vacuum pumps and reading 
the hydrogen pressure by means of a calibrated 
McLeod gauge. Readings were made on both the 
decomposition (heating) cycle and on the absorp- 
tion (cooling) cycle. In this way true equilibrium 
values could be obtained. Extreme care was used 
to avoid contamination. If contamination occurred, 
readings were erratic and nonreversible. 
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Crystal structure studies.—Special sam 
made for x-ray diffraction analyses fol|: ing the 
method described above (Vacuum mieri alan) 
Brittle specimens were ground to a pov (er od 
placed in a 0.3 mm glass capillary havi; 4 Wall 
thickness of 0.01 mm. Strips were cut { om the 
ductile specimens of 0.013 X 0.05 X 1.0m size 
X-ray diffraction patterns were made di) «tly a 
these samples. 
Since the absorption coefficient of the {X, iroy 


x-ray radiation by Zr was large, the outer surface 
of the specimen contributes mainly to the x-ray 
diffraction pattern. This makes it possible to te 
the presence of surface contamination or inhomo- 
geneities in the specimen by the use of etching 
processes. Thus, some of the specimens were etched 
in a mixture of 1 ce cone. HNOs, 10 ce of 48% HF. 
and 90 ce of H,O. The etching process required 5 
to 30 sec time, the 30-sec etch removing about 50° 
of the material. 


ResuLTs AND Discussion 
Decomposition Pressure Studies 


Twenty-one compositions were prepared and 
studied in the range of ZrHo.5 to De- 
composition pressures were measured in the tem- 
perature range of 325° to 550°C directly after prepa- 
ration to avoid contamination. 

Fig. 1 to 4 show typical results. Decomposition 
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pressures are plotted on a logarithmic scale against 
| 7. Fig. 1 shows a plot of results for the composi- 
tion ZrHog. A reversible process was noted. Since 
the total quantity of hydrogen was small for the 
1.05 ¢ samples, the composition of the alloy changes 
lor pressure readings above 10-2 mm of Hg. For 
lig. | this change in composition has no effect on 
the straight line character of the plot at this point. 
Thi. suggests that the composition ZrHo.9 is in a 
'wo phase region where the pressure is independent 
of « position. This can be seen in Figure 5. 

|». 2 shows a similar plot for the composition 


Fic. 5. Decomposition pressure ZrH, 


ZrH, 46. This: plot also shows a reversible character 
and individual measurements are nearly identical 
with those for the composition ZrHo 9. The straight 
line character of the curve persists above 10-? mm 
of Hg which suggests that the composition ZrH, 3. 
is also in a two-phase region. 

Fig. 3 shows the plot for the composition 
ZrH, 5. Here, a break occurs in the plot between | 
and 2 X 10°? mm of Hg. Decomposition pressure is 
dependent upon the composition which suggests a 
single-phase region. 

Fig. 4 shows a similar type of plot for the com- 
position ZrH, 74. This composition is also in a single 
phase region. 
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TABLE III. Summary of x-ray data (25°C) 
Temp, Preparation . 
Exp. No °C Compn. Treatment Resu 
63-17 100 10 ZrHo. 0 Hom.* 100°C, 21 hr a+84 itr, 
63-16 125 10 ZrHo.15 Hom. 125°C, 20.5 hr a@+6 + try’ 
63-15 150 12 ZrHo. 26 Hom. 150°C, 20 hr @+6+4 ir,’ 
63-9 150 45 ZrHo 4s Hom. 150°C, 20 hr a+6+sa., 
65-11 150 81 ZrHo Hom. 250°C, 19 hr a+6+ try’ 
65-12 250 ZrHo.s2 Prep. from ¢-phase 
65-15 150 48 ZrHo. 5s Direct, no hom. a+84+sa. ,/ 
63-10 200 13 ZrHo.ss Hom. 200°C, 20 hr a+é6+itr, 
63-14 225 Ss ZrHo 255 Hom. 225°C, 20 hr a +8 + try’ 
63-13 225 15 ZrHo Hom. 225°C, 20.3 hr 
63-6 175 165 ZrH,. ws Hom. 175°C, 15.5 hr a+8+s.. 
63-12 225 38 ZrHy 33 Hom. 225°C, 20.5 hr a+6+itry 
64-45 225 51 Hom. 325°C, 18 hr 6+ try 
64-41 225 65 ZrHy a Hom. 225°C, 19 hr 6+ try 
64-17 230 1 ZrHy 5: Heated to 500°C, hom. 200°C, 63 hr 6 
64-46 250 27 ZrHy . 54 Heated to 375°C, hom. 325°C, 19 hr 6 
64-47 250 29 56 Prep. from e-phase (fast) 6+ tre 
64-34 250 48 Prep. from e-phase (fast) b+ 
64-35 270 51 ZrHy 6 Hom. 250°C, 18 hr € 
63-18 275 23 H. quenched e+tré 
63-11 225 7 ZrHy car Hom. 225°C, 19.5 hr ae 
63-21 225 82 Zr, 27 Hom. 225°C, 19 hr € 
62-52 150 5580 ZrH, H, cooled 
63-4 200 300 ZrHy «x7 Hom. 175°C, 15 hr € 
63-2 225 180 ZrHy 965 Hom. 200°C, 19 hr € 

* Homogenized. 

+ Not in agreement with other observations. 

tr—Trace. 

s.a.—Small amount. 

Fig. 5 shows a summary of the decomposition x-ray study of our specimens. It was also suggested 
pressures at 500°C on a logarithmic scale, together by Jack (19) that this phase is a transition phac 7 
with room temperature crystal structure studies of between the hexagonal a-Zr phase and Hiigg’s 
the phases. These studies will be discussed later. face-centered cubic 6-phase. It is present only in 
Fig. 5 suggests the following conclusions at 500°C. small or trace amounts together with the a- and 
(A) The ephase has a range of homogeneity ex- 5-phases. 1 
tending from ZrH, 95 to a composition near ZrH, «4. The evidence for the existence of the y‘-phase is y 
(B) The 6-phase has a range of homogeneity from rather strong, as can be noted in Table III, since ' 
about ZrH,, to ZrHyi5. (C) A two-phase region lines associated with this phase were found on many \ 
« + 6 may exist between ZrH, 5 and ZrHy, 6 al- samples both etched and unetched. No evidence 
though this has not been proved. (D) A two-phase was found for this phase from the decomposition 
region consisting of a- and 6-phases was found to pressure studies at higher temperatures. 
exist between ZrHy.o, to ZrH,.4. (£) Below a com- Fig. 6 shows a microphotometer trace of an x-ray ' 
position of ZrHoo, a single phase region of a-Zr diffraction pattern of a ZrHo.s2. composition pre- ) 
with hydrogen in solid solution was found to exist. pared from e-phase by heating in vacuo. Three : 


Crystal Structure Studies 


A summary of the results are shown in Table III 
and in a graphical form in Fig. 5. Thermodynamic 
studies at 500°C are in essential agreement with 
crystal structure studies made on specimens pre- 
pared at temperatures of 300°C and lower. One 
exception is to be noted. This is the presence in 
the crystal structure studies of a minor transitional 
phase. The existence of this phase now designated 
as the y’-phase in the zirconium—hydrogen system 
was first recognized by Jack (19) in a preliminary 


definite extra reflections are noted in the pattern. 
Calculations show these reflections fit a face-centered 
tetragonal cell with lattice parameters given 10 


2009 2563 247 1898 


Fia. 6. Evidence for y’ phase 
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TABLE IV. Comparison lattice parameters zirconium hydride phases 
Lattice parameters 
Phase Composition Structure 
Present work Hagg 
ZrH; 965 — ZrHy Face-centered tetragonal a=4.97+0.01A a= 4.9744 
| c= 448+ 0.014 c = 4.440 4 
a/e = 1.11 + 0.01 a/c = 1.118 
j ZrHy — 56 Face-centered cubic a=4.78+0.01A a = 4.7784 
ZrH, Face-centered tetragonal a=461+0.01A 
= 4.975+0.01A 
a/e = 0.926 + 0.003 
TABLE V. Calculated patterns 2 
_’ Phase a-Zr phase 6-Phase 108 | 
hk (A) hkil dikil (A) hkl (A) LAA 
1101 5.140 
ill 2.726 1010 2.795 111 2.75 
2.488 1102 2.570 200 2.384 YYW | 
202 1.691 1012 1.892 311 1.438 . 
20 1.629 1103 1.715 | 222 1.376 | nace 
an is L752: 
311 1.398 1121 1.541 331 1.094 Wee 
222 1.363 1013 1.461 420 1.066 
004 1.244 2030) 1.398 422 973 . Fic. 7. Volume Zr and ZrH, structures 
400 1.152 1122 :1.368 | {333) 921 
. 511) also by removal of hydrogen from ¢-phase prepara- 
1.08 = Ao tions until the proper composition was achieved. 
331 1.061 1104 1.286 Results were in complete agreement with one 
402 1.046 2032 «1.229 possible exception noted in Table III. 
420 1.031 1123 1.176 
-|— Free Energy of Formation of the Delta Phase 
f.e.t. h.e.p. f.c.c. 
a=4.61A a = 3.22004 a=4.78A The decomposition pressure of the 6-phase in Fig. 5 
a/e = 0.926 


ec = 5.141 


Table IV. The theoretical pattern based on this 
structure is shown in Table V and compared with 
the calculated patterns for the a-Zr and 6-phases. 
With the exception of the three observed reflections, 
the other lines are masked by lines from the a- and 
5-phases. 

Thermal properties of this new phase have not 
been investigated. It appears to form by direct 
preparation in the a + 6 region of composition or 
by removal of hydrogen from the e¢-phase. The 
composition of this phase has not been determined. 
However, a plot of the volume of the several hydride 
phases in Fig. 7 suggests a composition near ZrHo.s 
or the same composition as Higg’s hexagonal y-phase 
which we have not observed in this study. 

Table TV shows a summary of crystal structure 
data on the several phases formed in the zirconium— 
hydrogen system with the alloys being formed at 
low temperatures. Averaged lattice parameters 
are also given in Table IV. The 5-phase was studied 
by direet hydriding to the given composition and 


at 500°C was found to be dependent upon composi- 
tion. However, in the two-phase region, the de- 
composition pressure of the 6-phase is the same as 
that for the a-phase saturated with hydrogen. 
Therefore, over the composition range of ZrHpo 4 
to ZrH,.4 a constant pressure is observed at 500°C. 
It is, therefore, of interest to determine the free 
energy equation for the 5-phase in contact with the 
a-phase saturated with hydrogen. For purposes of 
calculation a composition of ZrH,.5 for the 6-phase 
is taken. 
Consider the equation 
Zr(s) + 3/4H2(g) = (I) 
The equilibrium constant A is given by 
K = pu (II) 


The standard free energy of formation AF® is given 
by 
AF® = +3/4RT In pu, (111) 


Here, R is the gas constant, 7 the temperature, 
and p the pressure in atmospheres. 
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TABLE VI. Decomposition pressure ZrHis5 (in contact 
with a-Zr) 


t T In P - AF’ avg 
400 673.1 —15.84 15,820 
425 698 . 1 — 14.05 14,609 
450 723.1 —12.90 13,820 
475 748.1 —11.84 13,300 
500 773.1 — 10.80 12,600 
525 798 .1 —9.87 11,750 
550 823.1 —9.18 11,230 
575 S48.1 —8.35 10,520 


Table VI gives a summary of data and calculated 
values for the free energy of formation of ZrH,.5 in 
contact with a-Zr. 

The free energy as a function of temperature can 
be obtained from the relation: 


of i 
AH" 
lV) 
where 
AH’ = AH, + | AC,dT (V) 


Here, AH® is the standard heat of reaction at tem- 
perature 7’, AH¢ js the standard heat of reaction 
at O°K, AC, is the difference in heat capacities of 
products and reactants. 

Unfortunately, heat capacity data are not avail- 
able on ZrH,; 5 and only a semi-empirical equation 
can be derived. Kubaschewski and Evans (18) 
suggest the use of an approximate value for ACp 
for reactions of this type of AC, = 2.25. Substi- 


tuting in equations (IV) and (V) and integrating 
= AH, — 2.25 Tin T+ 1T (VIT) 


Here, / is the conventional integration constant 
and AH; is determined from a conventional thermo- 
dynamic plot of = against 1/7’. Here, 


_ AH 


+f (VIII) 
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AH; is found equal to —34,930 cal/mole tile the 
averaged value for J] = 43.88. 

The final semi-empirical equation for re: tion (j) 


is 
AF® = —34,930 — 2.25 Tin T+ 43887 
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Jetermination of Barrier Layer Thickness of Anodic 
Oxide Coatings' 


M. 8. Hunter ann P. Fow.e 


Aluminum Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 


ABSTRACT 


A novel method is described for measuring the thickness of a barrier type anodic 
oxide coating or the barrier layer portion of a porous type anodic oxide coating. This 
method is used to follow the evolution of the barrier layer during the early stages of 
the formation of a porous type coating on aluminum and to establish certain dimen- 
sions of the fundamental oxide cells which comprise this type of coating. 


INTRODUCTION 


The virtues of the durable, protective anodic 
oxide coatings applied to aluminum have long been 
known and appreciated, but only recently have the 
submicroscopic features and dimensions of these 
coatings been established (1). Anodic coatings may 
be either porous or nonporous, depending on the 
electrolyte in which they are formed, but all have 
one feature in common, a zone of nonporous oxide 
or “barrier layer” adjacent to the metal. This paper 
deseribes a method for measuring the thickness of 
this barrier oxide layer, and demonstrates the manner 
in which this method may be applied to the investi- 
gation of the characteristics of oxide coatings on 
aluminum. 


BARRIER LAYER 


The barrier layer and forces that govern its forma- 
tion and determine its behavior have been the sub- 
ject of extensive research by many investigators. The 
primary forces governing formation of the coatings 
are believed to be ionic in nature, as indicated by 
Mott (2), Haring (3), Charlesby (4), and others. 
These investigators have stated that the barrier 
laver represents the distance through which a metal 
ion can penetrate a layer of its oxide under the 
influence of an applied potential. As such, the thick- 
ness of this layer is a function of the applied voltage, 
which is the driving force behind the metal ion. In 
the case of aluminum, Hass (5) has shown that 
barrier layer coatings form to a thickness of 14 A per 
volt of applied potential. 

When aluminum is made the anode in an electro- 
lyte that can furnish oxygen-containing ions, com- 
bination between aluminum and oxygen occurs to 
form on the metal a continuous film composed 
prinvipally of aluminum oxide. The nature of this 
film ‘s such that it opposes the movement of ions and 
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electrons which is necessary for continued oxide for- 
mation and coating growth as long as the aluminum 
remains the anode. If the aluminum is made the 
cathode, however, the oxide film offers practically no 
resistance to the movement of electrons, and ap- 
preciable current can flow. This behavior is respon- 
sible for the rectifying action characteristic of 
anodically-formed oxide films on aluminum. 

In the absence of solvent action by the electrolyte, 
the oxide layer formed anodically reaches a limiting 
thickness, at which point it becomes an effective 
barrier to further movement of ions and electrons, 
and current flow substantially ceases. The thickness 
of film required to block current flow effectively is a 
linear function of the applied voltage and, once the 
barrier layer has been completely formed, increases 
in thickness can be effected only by increasing the 
applied voltage. In this case, the entire coating 
constitutes the barrier layer (Fig. 1), and the thick- 
ness of the barrier layer in Angstrom units is 14 
times the applied voltage. When the barrier layer has 
reached its limiting thickness, only a very low leakage 
current persists. This leakage current is substantially 
current flow through regions in the metal that con- 
tain constituent particles on which a complete 
barrier type of coating does not form and, conse- 
quently, differs for various alloy compositions. 

In electrolytes that have the ability to dissolve the 
oxide, the effect of solvent action is superimposed on 
the oxide formation process, with the result that a 
somewhat different situation exists. The electro- 
lytic cell continues to form oxide as long as the bar- 
rier layer corresponding to the applied voltage is not 
complete. Solvent action, however, prevents the 
barrier layer from reaching its limiting thickness. 
Under these conditions, current continues to flow, a 
porous oxide structure is created, and relatively 
thick oxide coatings are formed. As oxide continues 
to form, there remains between the metal and the 
base of the pores a thin layer of barrier oxide which 
restricts, but does not block, current flow. Although 
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THICKNESS = 144 «x VOLTAGE 


BARRIER LAYER 


ALUMINUM 


BARRIER TYPE COATING 


BARRIER LAYER 
THICKNESS = 14A x VOLTAGE «x CONSTANT 
ALUMINUM 


POROUS TYPE COATING 


Fic. 1. Barrier layer of anodic oxide coatings 


all the oxide formed was at one time in the barrier 
layer, this thin layer of oxide at the base of the pores 
is considered to be the barrier layer portion of the 
porous type of oxide coating (Fig. 1). The thickness 
of this layer in Angstrom units is 14 times the applied 
voltage times a factor having a value less than one. 
The actual value of this factor is determined by the 
electrolyte. 


BarrieR Layer DETERMINATION 


The thickness of barrier layer coatings and the 
barrier layer portion of porous oxide coatings is 
highly significant in terms of the characteristics and 
behavior of the coatings. In the case of barrier type 
coatings, where the entire coating constitutes the 
barrier layer, a fairly good approximation of coating 
thickness can be made from the interference colors, if 
the coating is greater than about 300 Ain thickness, 
or by microscopic examination if the coating is 
thicker than about 2000 A. With the porous type of 
coating, which has a layer of porous oxide above the 
barrier layer and has only a very thin barrier layer 
because of the relatively low voltages used, these 
methods are not practical. The electron microscope 
has indicated the presence of the barrier layer portion 
of porous coatings (6), but present replica methods 
are not adequate for precise measurement. 

A method has been developed by which the thick- 
ness of a barrier layer coating or the barrier portion 


her 195; 
of a porous type of coating can be determ od With 
substantial accuracy. This method is based oxi, 
forming characteristics in electrolytes tha do jo, 
dissolve the oxide. Here, oxide forms anov «ally 4, 
the 14 A/v value, and thickness can be creased 
only by increasing voltage. By the same toke, if yyy 
anodic voltage less than the formation ltage is 


applied, only leakage current will flow. If gradually 
increasing voltage is applied to this nonporous barrie, 
type of coating in an electrolyte which does po 
exert significant solvent action, values up to and 
including the forming voltage will produce opjy 
leakage current. Any value above the formatioy 
voltage will produce current flow greater than the 
leakage value, as the coating tends to form to the 
thickness corresponding to the higher voltage. 

The same principles hold with the barrier layer 
portion of the porous type of oxide coating. Wit) 
this type of coating, however, the barrier layer forms 
to a thickness of some value less than 14 A ‘y as in- 
dicated by the fact that current greater than leakage 
continues to flow. As a result, current higher than 
the leakage value will flow at some voltage below the 
formation voltage. The voltage at which current floy 
equals the leakage value is a measure of the thick- 
ness of the barrier layer portion of the coating. 

An approximation of barrier layer thickness on an 
oxide coated sample may be made by observing cur- 
rent flow with increasing voltage in an electrolyte 
that forms a barrier type of coating. As voltage is 
increased, the leakage current rises very slowly until 
the voltage corresponding to the thickness of the 
barrier is approached. Once appreciable current 
starts to flow, small voltage increments produce 
large increases in current. The approximate thickness 
in Angstrom units of the barrier layer is 14 times the 
highest voltage that does not produce a pronounced 
rise in current flow. With reasonable care, it is pos- 
sible to determine this voltage for coatings formed 
on high purity aluminum to within less than | y, 
which corresponds to a barrier thickness of about + 
14 A. The value determined in this manner is always 
low, however, because the leakage current for the 
particular material has not been considered. 

A more accurate value for the thickness of the 
barrier layer may be determined by taking into 
account the leakage current for the material under 
investigation. First, the approximate barrier voltage 
is determined as closely as possible in the manner 
described above. Then, the leakage current for the 
material under investigation is determined at this 
approximate voltage. This determination is made by 
applying the particular voltage to a freshly cleaned 
sample of the material and observing the final, 
steady leakage current after the barrier type of oa! 


ing is completely formed. Finally, the voltage re- 
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Fic. 2. Electrical arrangement for determining barrier 
layer thickness. 


quired to produce this current flow with the un- 
known barrier layer is determined. This permits 
determination of the actual barrier layer voltage to 
within + 0.1 v for coatings formed on high purity 
aluminum, which means that the barrier layer thick- 
ness can be found within about 3 A. 

In the case of coatings formed on high purity 
aluminum, leakage current varies only slightly over 
a rather wide range of voltages so that further 
measurements of leakage current and barrier layer 
voltage are not necessary. In the case of aluminum 
alloys that have higher leakage current and show 
greater variations in leakage with changing voltage, 
such additional measurements are frequently justi- 
fied. 

Excellent results can be obtained with this method 
using the simplest of equipment. All that is required 
is a variable direct current source, an accurate 
voltmeter, and a sensitive milliammeter. The ar- 
rangement used to make the barrier measurements 
discussed in this paper is shown by Fig. 2. To deter- 
mine the barrier layer thickness, the specimen is 
made anode in an electrolyte that does not exert 
significant solvent action on the oxide. A freshly 
cleaned eathode of the same material is used to 
avoid potential differences between the two elec- 
trodes. Current readings are then made at increasing 
voltages and plotted as described above. In the work 
described in this paper, the electrolyte used was a 3% 
tar'arie acid solution adjusted with ammonium 
hydroxide to a pH of 5.5, although any other electro- 


20 T T T T T 280 


4245 
BARRIER TYPE COATING 


ACTUAL BARRIER 


210 


POROUS TYPE COATING 1175 
ACTUAL BARRIER 
— — — Approximate 2 
=z 
4105 
6r ¢ 
Pr 470 
4 
w 
z 
435 
O° i i i i i re) 
O2 03 04 OF O06 O7 


CURRENT, MILLIAMPERES 
Fic. 3. Determination of barrier layer thickness 


lyte having similar characteristics should be satis- 
factory. The electrolyte was maintained at 75°F 
(24°C) during the measurement. 

The manner in which barrier layer thickness 
values are obtained is illustrated in Fig. 3. Here, the 
current values for increasing voltage are plotted for 
two 15-v anodic coatings applied to 1 in.* (0.065 
dm?) samples of high purity aluminum. One of these 
is a barrier type of coating formed in the ammonium 
tartrate electrolyte, and the other is a porous type of 
coating formed in a 15% sulfuric acid electrolyte 
at 70°F (21°C). Also, the steady current value repre- 
senting leakage for these aluminum samples in the 
neighborhood of 15 volts is indicated. 

In the case of the 15-v barrier type coating, the 
lowest voltage value to produce significant current 
flow was 14.0 v which gives an approximate barrier 
thickness value of 196 A. The steady leakage current 
measured for the high purity aluminum sheet speci- 
mens of the particular area used was 0.1 ma in the 
range of 10 to 15 v. The intersection of the voltage- 
current curve with the line representing this current 
value occurs at exactly 15 v. This was the voltage 
used to form the coating and represents a barrier 
layer thickness of 210 A, which is the maximum 
thickness of barrier coating that can be formed on 
aluminum by 15 v of applied potential. 

With the porous type of coating, the barrier layer 
thickness must be less than the 14 A/v value as dis- 
cussed earlier. In the case of the coating formed in 
15% sulfurie acid at 70°F (21°C) (Fig. 3), the ap- 
proximate barrier layer thickness, as indicated by the 
voltage required to produce appreciable current 
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flow, is 133 A. The intersection of the voltage-cur- 
rent curve with the leakage line occurs at 10.7 v, 
which shows that the actual barrier layer thickness 
is 150 A. Thus, in the 15% sulfurie acid electrolyte 
at 70°F (21°C), the barrier layer forms at a rate of 
10.0 A/y. The term “unit barrier thickness” will be 
used to describe the thickness of barrier layer 
formed per volt of applied potential. 


APPLICATIONS 


The determination of barrier layer thickness may 
be used to establish many facts concerning the 
formation and behavior of anodic oxide coatings. 
For instance, it is possible to establish changes in 
barrier layer thickness which accompany current 
fluctuations observed during the initial stages of the 
formation of the porous type of oxide coating. Inas- 
much as the barrier layer constitutes the principal 
resistance across the voltage source, a decrease in 
current indicates that barrier layer thickness is in- 
creasing and, conversely, an increase in current in- 
dicates a decrease in barrier layer thickness. In 
electrolytes that do not dissolve the oxide appreci- 
ably, current is initially high but decreases rapidly as 
barrier layer thickness increases. In a relatively 
short time, current reaches a low, steady leakage 
value, at which point the barrier layer has attained 
its limiting thickness of 14 A/v. 

In the case of electrolytes that dissolve the oxide, 
solvent action combined with coating formation 
produces a more complex situation. As in the case of 
the barrier type of coating, current flow is initially 
high and decreases with time as barrier layer thick- 
ness increases. With the porous type of coating, how- 
ever, decrease in current is not as rapid because of 
solvent action which tends to reduce the thickness of 
the barrier layer. After a short time, current flow 
reaches a minimum value and then starts to rise as 
solvent action, which is increasing, first equals and 
then exceeds coating formation. Current flow be- 
comes steady when formation and solution of oxide 
reach a balance, at which point barrier layer thick- 
ness becomes constant. 

As an illustration of the evolution of the barrier 
layer portion of a porous type of oxide coating, 
changes in barrier layer thickness that occurred 
during the formation of a coating in a 15% sulfuric 
acid electrolyte at 70°F (21°C) using a potential of 
15 v are presented. As shown by Fig. 4, the thickness 
of the barrier layer increased rapidly at first but as 
solvent action began to have an effect, the rate of 
increase of the barrier layer diminished. After about 
5 sec, solvent action began to exceed the rate of oxide 
formation and barrier layer thickness decreased. 
After about 18 sec, oxide formation again exceeded 
solvent action and barrier layer thickness increased 
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slightly. Finally, after about 25 sec, the balance be. 
tween oxide formation and solution of oxide at th 
base of the pores was reached and the barrier laye; 
thickness became constant. No further change j) 
thickness was observed up to a time of 45 min. Th 
rapidity with which the initial fluetuations in cur 
rent occur and the time required to reach equilib- 
rium thickness are a function of the current ca. 
pabilities of the voltage source. As a result, transien| 
barrier layer thickness values shown apply only un- 
der the particular conditions of this experiment. 

The method was also applied to sulfuric acid coat- 
ings sealed in boiling water to determine whether the 
hydrated oxide formed within the pores during seal- 
ing would interfere with the measurement of barrie: 
voltage. If this hydrated oxide did interfere with th 
measurements, an apparent increase in barrier laye: 
thickness with sealing would be noted. Measure- 
ments indicated, however, that the barrier layer 
thickness decreased with sealing time. Thus, the hy- 
drated oxide produced during sealing does not inter- 
fere with this measurement. Therefore, the method 
can be applied to water-sealed as well as unsealed 
oxide coatings. 

This decrease in barrier layer thickness observed 
on sealing in boiling water was investigated further 
to determine the actual effect of such sealing. It was 
found that barrier layer thickness was reduced by 
about 4 A for each ten minutes of sealing, which 
indicates that prolonged sealing treatments in boil- 
ing water may be detrimental. 

Determinations of unit barrier layer thickness have 
been made in four electrolytes used to make porous 
type anodic coatings inasmuch as barrier laye! 
thickness is one of the important dimensions o! the 
oxide cell. Electrolytes selected were those used in 
previous work on the dimensions of anodic oxide 
coatings. Unit barrier thickness was found to be 
practically independent of forming voltage but varied 
appreciably among the four electrolytes, as was (he 
case with cell wall thickness. Also, variations in init 


harrier | 


nuit ba 


“ol. 101 


ame 0! 


shout | 
WO! 


eter Va 
Table | 
pst at ylis 
ormed 


= 
280 
| 
1% 
O 
5% 
‘ Ba 
i 
— elect 
i 
terms 
the { 
mad 
| 
vhe 
ell 
| ol 
wt 
th 
ul 


r 195 


J 


40 


15 Vor 
it 70°} 


Ice be. 
at the 
layer 
The 
cur 
uilib- 
it 
islent 


un- 


COoat- 
r the 
seal- 
rriet 
the 
aver 
ure- 
aver 
hy- 
iter- 
hod 


vec 
her 
Vas 


by 


ich 
vil- 


|. 101 No. 9 BARRIER LAYER THICKNESS 485 


barrier (ickness and unit wall thickness were in the 
ame or'ler in the four electrolytes, although the 
nit barrier thickness was greater by a factor of 
spout 1.2. The unit barrier thickness values from 
his work and the unit wall thickness and pore diam- 
ver values from previous work (1) are given in 
Table |. These values along with forming voltage 
tablish the dimensions of oxide cells of coatings 
iormed in these electrolytes. 


TABLE I. Basic dimensions of oxide cells 


Pore 


Barrier Wall diameter, 


A/volt A/volt 


Phosphoric acid, 75°F (24°C) 11.9 10.0 330 


% Oxalie acid, 75°F (24°C) 11.8; 9.7 170 
1% Chromic acid, 100°F (38°C) 12.5 10.9 240 
5% Sulfuric acid, 50°F (10°C) 10.0 8.0 120 


Barrier layer thickness determinations, in com- 
bination with determinations of oxide cell size by 
dectron microscopic examinations of cell base pat- 
ierns, may be used to obtain an approximation of 
the formation voltage of an unknown anodic coating 
made in any of these four electrolytes and the par- 
ticular electrolyte in which it was formed. From 
previous work (1) 


C=2WE+P (1) 


vhere C is the size of the individual oxide cells, W 
sunit wall thickness (the thickness of oxide in the 
ell wall per volt of forming potential), is forming 
oltage, and P is pore diameter. Also, 


T = BE (11) 


vhere 7’ is total barrier thickness, B is unit barrier 
thickness, and FE is forming voltage. Inasmuch as 
wit barrier thickness is approximately 1.2 times 
unit wall thickness, equation (II) may be written as 


T=12WE 
Combining equations (1) and (IIL) gives equation 


\\) which defines pore diameter in terms of cell 
size and total barrier thickness. 


P = C-1.67 T (IV) 


C can be determined from measurements of the cell 
base pattern of the unknown coating, and 7 can be 
found from barrier layer thickness determinations. 
As a result, pore diameter can be calculated and, if 
the electrolyte was one of the group which has been 
investigated, the particular electrolyte can be 
established. Unit barrier thickness and unit wall 
thickness are then known and either equation (1) or 
(11) may be solved to establish forming voltage. 

The examples which have been presented are but 
a few of the many ways in which the determination 
of barrier layer thickness may be applied to the in- 
vestigation of anodic oxide coatings. These measure- 
ments have revealed many interesting and unusual 
facts relating to the formation of these coatings and 
have been useful in establishing the electrolyte type 
and forming conditions used to produce coatings 
having certain desirable characteristics. Determiia- 
tion of the barrier layer thickness may be used to 
establish the effect of various treatments or environ- 
ments on anodically formed oxide, to investigate the 
nature and characteristics of the natural oxide film 
on aluminum, and to explore other phases of anodic 
coating formation and behavior, the scope of which 
is limited only by the imagination of the investigator. 
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